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anisotropy  (abstract) 

Th.  Kleinefeld,  J.  Heimel,  D.  Weller 

4923 

Grain  morphology  and  magnetic  properties  of  CoCrPt/Cr(Si,Ti)  films 
sputtered  at  room  temperature 

G.  Choe 

(Continued) 


Thin  Films,  Interfaces,  and  Anisotropy 

4926  Ultrahigh  vacuum  SQUID  magnetometry  study  of  the  magnetic  properties 
of  Co/Co-oxide  thin  films 

4929  Ferromagnetic  resonance  of  sputtered  Co/Mn  multilayers 

4932  Structural  and  magnetocrystalline  anisotropy  contributions  to  the  blocking 
temperatures  of  NixC0(1_X)O  exchange  couples  (abstract) 

4933  Rotatable  anisotropy  in  radio  frequency  diode  sputtered  iron  thin  films 

4936  Coupling  effects  in  Fe/CoNbZr  and  Fe/Ag/CoNbZr  sandwiches  studied  by 
magneto-optical  techniques 

4939  Low-energy  ion  beam-assisted  deposition  of  giant  magnetoresistive  thin 
films 

4942  Dynamic  hysteresis  of  two-dimensional  magnetic  islands  with  uniaxial 
anisotropy 

4945  Uniaxial  magnetic  anisotropy  of  iron  thin  films  deposited  by  oblique 
incidence  of  deposition  particles 

4948  Complex  anisotropies  in  sputtered  Co90Fe10  alloy  thin  films  (abstract) 

4949  Ferromagnetic  resonance  studies  of  noble  metals  based  sandwiches 

4951  Finite  temperature  magnetization  reversal  in  ultrathin  magnetic  films 

4954  The  growth  of  magnetic  Fe  overlayers  on  sulphur  passivated  GaAs(IOO) 

4957  Epitaxial  ferromagnetic  MnAs  thin  films  grown  on  Si  (001):  The  effect  of 
substrate  annealing 

4960  Thickness  dependence  of  effective  magnetic  anisotropy 

4963  Uniaxial  and  planar  magnetic  anisotropy  of  thin  transition-metal  films 
(abstract) 

4964  Structural  and  magnetic  properties  of  face-centered-cubic  Fe  films  grown 
on  Co(100) 

4967  Galvanomagnetic  properties  and  magnetic  domain  structure  of  epitaxial 
MnAs  films  on  GaAs(OOI) 
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M.  C.  Park,  Y.  Park,  T.  Shin,  G.  M. 
Rothberg,  M.  Tanaka,  J.  P.  Harbison 


4970  GMR  properties  of  spin  valves  using  multilayered  Co90Fe10  for  free 
magnetic  layer 

4973  Micromagnetics  of  uneven  ultrathin  film  trilayers 

4976  Magnetization  of  two-dimensional  XY  magnets  with  symmetry  breaking 
fields:  Relevance  to  ultrathin  magnetic  films  (abstract) 

4976  Characterization  of  iron-oxide  films  grown  on  Cu(001)  and  Ag(001) 
(abstract) 

4977  Thickness  dependence  of  magneto-optical  properties  in 
face-centered-cubic  Co/Cu(001)  ultrathin  films 

4980  Investigation  of  magnetic  coupling  in  sputtered  epitaxial  Fe/Cr  and  Co/Cu 
wedged  structures 

4983  Enhancement  of  orbital  magnetism  at  surfaces:  Co  on  Cu(100)  (abstract) 


4984  Critical  phenomena  in  the  two-dimensional  XY  magnet  Fe(100)  on  W(100) 

4987  In  situ  Brillouin  light  scattering  from  ultrathin  epitaxial  Fe/Ag(100)  films 
with  Cr  and  Ag  overlayers 


Koichi  Nishioka,  Takayuki  Iseki, 
Hideo  Fujiwara,  Martin  R.  Parker 

A.  S.  Arrott 

J.  Rothman,  P.  C.  W.  Holdsworth, 

S.  T.  Bramwell 

L.  Scipioni,  B.  Sinkovic 
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Parkin 

M.  Tischer,  F.  May,  K.  Baberschke, 
O.  Hjortstam,  D.  Arvanitis,  J.  Hunter 
Dunn,  J.  Trygg,  B.  Johansson,  O. 
Eriksson,  J.  M.  Wills 

H.  J.  Elmers,  J.  Hauschild,  G.  H. 
Liu,  U.  Gradmann 
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C.  Daboo,  J.  A.  C.  Bland 


(Continued) 


4990  Magneto-optical  investigation  of  the  fcc-bcc  phase  transition  of  Fe 
wedges  sandwiched  between  CuNi  alloys  (abstract) 

4991  Dependence  of  structural  and  magnetic  properties  on  deposition  angle  in 
electron-beam  evaporated  Co/Pt  multilayer  thin  films 

4994  Simulations  of  inhomogeneous  magnetization  processes  in  ultrathin  films 
with  growth-induced  roughness  (abstract) 

Recording  Heads  and  Materials 

4995  Measurement  of  the  crystalline  anisotropy  in  sputtered  single-crystal 
FeTaN  thin  films 

4998  Magnetic  properties  and  crystal  structure  of  FeTaAIN  soft  magnetic 
materials  for  MIG  head  (abstract) 

4999  Magnetic  domain  control  of  thick  Fe-M(Zr,Ta)-N  films  for  digital  VCR  metal 
in  gap  heads 

5002  Contact  magnetoresistive  head  for  perpendicular  magnetic  recording 

5005  Magnetostriction  and  thin-film  stress  in  high  magnetization  magnetically 
soft  FeTaN  thin  films 

5008  Exchange  coupling  between  NiO  and  NiFe  thin  films 

5011  Search  for  high  moment  soft  magnetic  materials:  FeZrN  (abstract) 

5011  Magnetic  properties  of  CoFeB  sputtered  films  for  high  Bsat  applications 
(abstract) 

5012  Exchange  coupling  of  sputter  deposited  NiCo-O/NiFe  thin  films 

5015  Preparation  of  soft  magnetic  Fe/Ta  and  Fe:N/Ta:N  multilayered  films  with 
large  magnetization  for  inductive  recording  head 

5018  Cr\(CoPtCr,CoPtx)  layered  film  studies  for  hard  bias  applications 

Commemorative  Symposium  on  Neutron  Scattering 

5021  Early  development  of  neutron  scattering  by  magnetic  materials  (invited) 
(abstract) 

5022  Magnetic  scattering  of  neutrons  (invited)  (abstract) 

5022  Neutron  scattering  as  a  probe  of  unconventional  superconductivity  in 
YBa2Cu307  (invited)  (abstract) 

5023  Strong  magnetic  fluctuations  in  transition  metal  oxides  (invited) 
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L.  Varga,  W.  D.  Doyle 

Yiqun  Li,  Bingchu  Cai,  Xianglin 
Zeng,  Dong  Xu 

M.  Uchizawa,  J.  Fujita,  H. 
Kobayashi,  S.  Tanabe 

Ken-ichi  Takano,  Hiroaki  Muraoka, 
Yoshihisa  Nakamura 

M.  K.  Minor,  B.  Viala,  J.  A.  Barnard 

J.  X.  Shen,  M.  T.  Kief 

A.  Chakraborty,  G.  FI.  Bellesis, 

K.  R.  Mountfield,  D.  N.  Lambeth, 

M.  H.  Kryder 

Durga  Ravipati,  Flua-Ching  Tong, 
Lena  Miloslavsky 
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C.  G.  Shull 
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C.  Broholm,  G.  Aeppli,  S.-FI.  Lee, 
W.  Bao,  J.  F.  DiTusa 


Symposium  on  High  Performance  Permanent  Magnets  and  Coercivity 

5029  Overview  of  Nd-Fe-B  magnets  and  coercivity  (invited) 

5035  Fiigh  performance  NdFeB  magnets  (invited) 

5040  Anisotropic  Nd-Fe-B  bonded  magnets  made  from  HDDR  powders 
(invited) 

5045  Sm2Fe17  interstitial  magnets  (invited) 

5051  Disorder  and  noncollinear  magnetism  in  permanent-magnet  materials 
(invited) 

Small  Particles/Lithography 

5056  Long  range  order  in  2-D  arrays  of  nanometer-sized  Fe  islands  on 
CaF2/Si(1 11)  (invited)  (abstract) 

5057  Fabricating  nanoscale  magnetic  mounds  using  a  scanning  probe 
microscope 

5060  Magnetic  properties  of  nanometer-size  CoPt  particles 


J.  Fidler,  T.  Schrefl 

A.  S.  Kim,  F.  E.  Camp 
T.  Takeshita,  K.  Morimoto 

K. -H.  Muller,  Lei  Cao,  N.  M. 
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S.  H.  Liou,  Y.  Liu,  S.  S.  Malhotra, 

M.  Yu,  D.  J.  Sellmyer 


(Continued) 


5063  Oxidation  states  and  magnetism  of  Fe  nanoparticles  prepared  by  a  laser 
evaporation  technique 

5066  65  Gbits/in.2  quantum  magnetic  disk  (abstract) 

5066  Quantized  writing  processes  in  quantum  magnetic  disks  (abstract) 

5067  Nonmonotonic  length  dependence  of  switching  field  of  nanolithographically 
defined  single-domain  nickel  and  cobalt  bars  (abstract) 

5067  Ultramicro  fabrications  on  Fe-Ni  alloy  films  using  electron-beam  writing 
and  reactive-ion  etching  (abstract) 

5068  Structural  and  magnetic  study  of  submicronic  single  crystal  cobalt  box 
arrays 


5071  High  field  irreversibility  in  NiFe204  nanoparticles  (abstract) 

5072  Sputter  deposited  Co/CoO  composite  materials 

5075  High-resolution  observation  of  magnetization  processes  in  2  ^m  x  2  ^m 
x  0.04  fim  permalloy  particles 


B.  J.  Jonsson,  T.  Turkki,  V.  Strom, 
M.  S.  El-Shall,  K.  V.  Rao 

Stephen  Y.  Chou,  Peter  R.  Krauss 
Usman  Suriono,  Stephen  Y.  Chou 
Linshu  Kong,  Stephen  Y.  Chou 

I.  Nakatani 
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N.  Bardou,  B.  Bartenlian,  C. 
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Miyajima,  B.  Pannetier,  T.  Matsuda, 
A.  Tonomura 


Critical  Phenomena  II 

5078  Neutron  diffraction  determination  of  the  nuclear  spin  ordering  in  Cu  and 
Ag  at  nano-  and  subnano-K  temperatures  (invited) 


5081  Critical  properties  of  the  spin  Peierls  transition  in  CuGe03 

5084  Evidence  for  crossover  effects  in  the  spin  dynamics  of  the  two-dimensional 
antiferromagnet  Sr2Cu02CI2  from  35CI  nuclear  magnetic  resonance 

5087  Magnetic  and  nonmagnetic  glass  transitions  in  the  Blume-Emery-Griffiths 
model  with  competing  biquadratic  interactions  (abstract) 

5087  The  three-dimensional  RFIM:  Existence  of  a  tricritical  point?  (abstract) 

5088  m= 3  Ashkin-Teller-like  cubic  model  on  an  FCC  lattice 

5091  Phase  transitions  in  disordered  systems:  Exactly  solvable  model 

5094  Effect  of  exchange  anisotropy  on  susceptibility  of  one-dimensional  spin 
1/2  ferromagnets 

5096  Effects  of  randomness  in  gapped  antiferromagnetic  quantum  spin  chains 

5099  Competition  between  spin-Peierls  phase  and  three-dimensional 
antiferromagnetic  order  in  CuGe-|_xSix03 


M.  Steiner,  A.  Metz,  K. 
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Exchange  Bias  and  Interface  Roughness 

5102  Domain  structure  in  NiO  biasing  layers  (abstract) 


5103  Exchange  biasing  in  MBE  grown  Fe304/CoO  bilayers:  The 
antiferromagnetic  layer  thickness  dependence 

5106  Magnetic  properties  of  exchange-coupled  Fe/FeO  bilayers 


R.  W.  Erwin,  J.  A.  Borchers,  D.  M. 
Lind,  E.  Lochner,  K.  A.  Shaw,  B. 
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Hadjipanayis,  C.  P.  Swann 


(Continued) 


5109  Effects  of  cooling  field  strength  on  exchange  anisotropy  at  permalloy/CoO 
interfaces 

5112  The  role  of  interface  crystalline  and  magnetic  structure  in  exchange 
anisotropy  (abstract) 

5113  Topological  coupling  in  magnetic  multilayer  films 

5116  Surface  roughness  in  Cu(100)/[Co/Cu]n  systems  grown  by  ion-beam 
sputtering 

5119  59Co  nuclear  magnetic  resonance  studies  of  the  effect  of  annealing 
molecular  beam  epitaxy  grown  Co/Cu(111)  multilayers 

5122  Field  dependent  resonance  frequency  of  hysteresis  loops  in  a  few 
monolayer  thick  Co/Cu(001)  films 

5125  Fe  adsorption  and  film  growth  on  GaAs(OOI)  (2x4)-As  (abstract) 


5126  Magnetic  properties  and  Pd-H  miscibility  gap  in  Ni/Pd  composite  fine 
particles 

5129  Magnetic  impurities  and  clusters  on  Ag,  Pd,  and  Pt  surfaces  (abstract) 


Timothy  J.  Moran,  Ivan  K.  Schuller 

J.  Nogues,  D.  Lederman,  Ivan  K. 
Schuller,  K.  V.  Rao 
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Lang,  R.  Zeller,  P.  H.  Dederichs 


Soft  Amorphous  and  Nanocrystalline  Materials  I 

5130  High-frequency  magnetic  properties  in  metal-nonmetal  granular  films 
(invited) 

5136  Giant  magnetoimpedance  effect  in  soft  and  ultrasoft  magnetic  fibers 

5139  Giant  magneto-impedance  effects  in  Metglas  2705M 

5142  Barkhausen  noise  in  FeCoB  amorphous  alloys  (abstract) 

5143  Magnetism  and  microstructure  of  nanocrystalline  nickel 

5146  Small-angle  neutron  scattering  behavior  of  Fe91Zr9  glass  under  magnetic 
field 

5149  Time-temperature-transformation  study  of  a  nanocrystalline  Fe91Zr7B2  soft 
magnetic  alloy 

5152  Soft  magnetic  properties  of  Fe-Zr-B  thin  films  (abstract) 

5153  The  change  of  magnetic  properties  in  nanocrystalline  FessZryB^u-j  alloy 
by  cooling  rate 

5156  Improvement  of  soft  magnetism  of  Fe90Co10  sputtered  films  by  addition  of 
N  and  Ta 

5159  Effect  of  nitrogen  interstitial  in  a- Fe  crystalline  on  the  magnetic  soft 
properties  of  FeTaN  thin  films 

Colossal  Magnetoresistance  in  Perovskite  Oxides  II 

5162  Giant  magnetoresistance  induced  by  spin-correlation  scattering  in  magnetic 
thin  films  and  other  compounds 

5165  Giant  magnetoresistive  memory  effect  in  Nd0.7Sr0  3MnOz  (abstract) 
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5166  Ferromagnetic  resonance  and  intrinsic  properties  of  La067Ba033MnOz 


5169  Role  of  epitaxy  and  polycrystallinity  in  the  magnetoresistance  and 
magnetization  of  La0  8Sr0  2Mn03  thin  films 

5172  Magnetic  exchange  and  charge  transfer  in  mixed-valence  manganites  and 
cuprates 

5175  Correlation  between  magnetovolume  and  giant  magnetoresistance  effects 
in  doped  La^Ca^MnOs  perovskites 

5178  Pressure  effect  on  the  resistivity  in  GMR  La060Y007Ca0i33MnO3  compound 
(abstract) 

5179  Hall  effect  and  giant  magnetoresistance  in  lanthanum  manganite  thin  films 

5182  Magnetic  properties  of  colossal  magnetoresistive  manganese  oxides 


5185  Magnetic  and  magnetoresistance  studies  on  radio  frequency  sputtered  La- 
Pb-Mn-0  films 

5188  Composition  dependence  of  giant  magnetoresistance  in 
(Lai  -x^x)2/3^a1/3^n^^  (O^x^l) 

Magnetic  Semiconductors 

5191  Effects  of  high-temperature  annealing  on  the  optical  absorption  of  Ca:YIG 
films 

5193  Determination  of  Mn  composition  in  Zn^Mn^e  from  Faraday  rotation 
analysis 


5195  Microstructural  properties  of  (ZnSe/FeSe)  and  (ZnSe/MnSe)  diluted 
magnetic  semiconductor  superlattices  (abstract) 

5196  Polaron-polaron  interactions  in  diluted  magnetic  semiconductors 

Instrumentation  and  Measurement  Techniques  II 

5199  Hybrid  pole  pieces  for  permanent  magnets 

5202  Method  based  on  the  saturation  approach  law  for  monitoring  the  quality  of 
texture  in  3%  Si-Fe 

5205  Construction  of  novel  magnets  for  generating  astatic  fields  in  x-ray 
topography 

5208  Automized  magnetic  hysteresis  measurement  system 

5211  Alternating  current-excited  magnetoresistive  sensor 

5214  Magnetic  field  distribution  caused  by  a  notebook  computer  and  its  source 
searching 

5217  Highly  sensitive  magneto-optic  transverse  Kerr  effect  measurement 

system  for  the  detection  of  perpendicular  anisotropy  and  magnetic  phases 
in  thin  films 

Itinerant  Magnetism  and  Other  Fundamental  Properties 

5220  First-order  magnetic  phase  transition  in  (Er,  Tb)M2(M=Co,  Ni)  (abstract) 

5221  Magnetism  in  URhSi 
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5469 

Evolution  from  soft  to  hard  magnetic  behavior  in  Co-based  devitrified 
glassy  alloy 

G.  Bottoni,  D.  Candolfo,  A.  Cecchetti 

5472 

Nanocrystalline  Fe-M-B-Cu  (M=Zr,  Nb)  alloys  with  improved  soft  magnetic 
properties  (abstract) 

A.  Makino,  T.  Bitoh,  A.  Inoue,  T. 
Masumoto 
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5472  Comparison  of  experimental  and  theoretical  initial  permeability  taking  into 
account  anistropy  dispersion  in  CoNbZr  thin  films  (abstract) 

5473  Crystallization  behavior  of  a  mechanically  alloyed  amorphous 
Fe80Zr8B11Cu1  alloy 

5476  Microstructure  and  magnetic  properties  of  Cu0.8(Fe1_xCox)0.2  alloy 
powders  manufactured  by  a  mechanical  alloying  process 

5479  Mechanically  ground  Fe73.5CUiNb3Sh3.5B9:  A  soft  magnetic  material  in 
powdered  form 

5482  Correlation  of  magnetic  and  mechanical  properties  of  hydrogenated, 
compositionally  modulated,  amorphous  Fe80Zr20  films  (abstract) 

Soft  Materials— Applications  and  Other  Properties 

5483  Application  of  Co-based  amorphous  ribbon  to  a  noise  filter  and  a  shielded 
cable 

5486  A  gigahertz-range  electromagnetic  wave  absorber  with  wide  bandwidth 
made  of  hexagonal  ferrite 

5489  Rapidly  solidified  Fe-6.5%Si  alloy  powders  for  high  frequency  use 
(abstract) 

5490  Large  shielding  factor  obtained  by  a  multiple-shell  magnetic  shield  having 
separate  magnetic  shaking 

5493  The  magnetomechanical  effect  in  electrolytic  iron 

5496  Effect  of  cutting  techniques  on  local  magnetic  characteristics  of  SIFE 
(abstract) 

5497  The  soft  magnetic  properties  of  stripes  fabricated  using  laser  ablation  of 
multilayer  thin  films 

5500  Magnetic  garnet  film  epitaxy  on  nonsingular  faces  (abstract) 
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Hard  Magnets,  2-14-1,  Interstitials 

5501  The  effects  of  average  grain  size  on  the  magnetic  properties  and  corrosion 
resistance  of  NdFeB  sintered  magnets 

5504  Unusual  magnetic  behavior  in  Nd-Fe-B  alloy  powder  compacts 

5507  Magnetocrystalline  anisotropy  and  spin  reorientation  in  Gd1_xDyxCo4B 

5510  Dependence  of  energy  dissipation  on  annealing  temperature  of  melt-spun 
NdFeB  permanent  magnet  materials 

5513  Quantitative  characterization  of  additional  ferromagnetic  phase  in 
melt-quenched  and  sintered  Nd-Fe-B-based  magnets 

5516  Crystallographic  and  magnetic  properties  of  NdFe10.7TiMo.3(M^B>  Ti) 

5519  Structure  and  magnetic  properties  of  mechanically  alloyed  Nd(Fe,V)12Nx 
compounds 

5522  Neutron  diffraction  and  magnetic  studies  of  RFe12_xTxCy  (R=Y,Er; 
T=V,Ti,Mo)  alloys 

5525  Structure  and  magnetic  properties  of  mechanical  alloyed  Nd-Fe-Ti 
compounds  and  their  nitrides 

5528  High  coercivity  of  melt-spun  Sm2Fe15AI2C1.5  compound 

5530  Nuclear  magnetic  resonance  study  of  R2Fe17  (R=Y,  Sm,  and  Gd)  hydrides 

5533  Structural  and  magnetic  studies  of  Er2Fe17_xMxCy  (M=Ga  and  Al) 
compounds 


D.  W.  Scott,  B.  M.  Ma,  Y.  L.  Liang, 
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Kim 

Jun  Yang,  Ou  Mao,  Z.  Altounian 

Z.  Hu,  W.  B.  Yelon,  X.  Zhang,  W.  J. 
James 

Zhi-qiang  Jin,  X.  K.  Sun,  W.  Liu, 

X.  G.  Zhao,  Q.  F.  Xiao,  Y.  C.  Sui, 

Z.  D.  Zhang,  Zhi-gang  Wang 

Jun-Xian  Zhang,  Zhao-Hua  Cheng, 
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Budnick,  W.  A.  Hines,  U.  Binninger 
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Y.  D.  Yao 
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5536 

Thermal  stability  of  nanostructured  Sm2Fe17C*  compounds  prepared  by 
ball  milling 

0.  Mao,  Z.  Altounian,  J.  Yang, 

J.  O.  Strom-Olsen 

5539 

Synthesis  and  magnetic  properties  of  rare  earth-iron-chromium  phases 
and  their  nitrides 

0.  Kalogirou,  V.  Psycharis,  M. 
Gjoka,  D.  Niarchos,  C.  D.  Fuerst 

5542 

High  field  magnetization  measurements  of  SmFenTi  and  SmFe-nTiH^^ 

0.  Isnard,  M.  Guillot,  S.  Miraglia, 

D.  Fruchart 

5545  First-principles  calculation  of  the  electronic  and  magnetic  properties  of 
Nd2Fe17_xMx  (M=Si,  Ga)  solid  solutions 

Applications  of  Hard  Materials 

Ming-Zhu  Huang,  W.  Y.  Ching 

5548 

A  novel  integrated  electric  motor/pump  for  underwater  applications 

C.  Peter  Cho,  Barry  K.  Fussell, 
John  Y  Hung 

5551 

Imposition  of  periodic  magnetization  patterns  on  high-energy-product 
magnetic  plates 

H.  A.  Leupold,  A.  S.  Tilak,  E. 
Potenziani  II 

5554 

Effects  of  slot  closure  by  soft  magnetic  powder  wedge  material  in  axial-field 
permanent  magnet  brushless  machines 

S.  Gair,  J.  F.  Eastham,  A.  Canova 

5557 

An  efficient  design  to  reduce  the  flux  leakage  of  a  spindle  motor 

T.  F.  Ying,  C.  M.  Chen,  C.  P.  Liao, 
M.  D.  Wu,  D.  R.  Huang 

5560 

Magnetic  profiles  of  bonded  magnets  affected  by  the  magnetizing  fixtures 

Donyau  Chiang,  Shyh-Jier  Wang, 
Der-Ray  Huang 

5563  Magnetic  multipole  cylinders  from  mould-injection  Nd2Fe14B  plastic 
bonded  magnets  (abstract) 

Symposium  on  Magnetism  of  Fe-N  and  fee  Fe 

G.  K.  Nicolaides,  D.  Niarchos,  D. 
Tsamakis,  1.  Koubouros,  A.  Mitsis 

5564 

Structure  and  magnetic  moment  of  a"-Fe16N2  compound  films:  Effect  of 

Co  and  H  on  phase  formation  (invited) 

Migaku  Takahashi,  H.  Takahashi, 

H.  Nashi,  H.  Shoji,  T.  Wakiyama, 

M.  Kuwabara 

5570 

Electronic  and  magnetic  structure  of  iron  nitride,  Fe16N2  (invited) 

Akimasa  Sakuma 

5576 

Magnetic  and  electrical  properties  of  single-phase,  single-crystal  Fe16N2 
films  epitaxially  grown  by  molecular  beam  epitaxy  (invited) 

Yutaka  Sugita,  Hiromasa  Takahashi, 
Matahiro  Komuro,  Masukazu 
Igarashi,  Ryo  Imura,  Takashi 

Kambe 

5582 

Mossbauer-effect  study  of  face-centered-cubic-like  Fe  on  Cu(001)  (invited) 
(abstract) 

W.  Keune,  A.  Schatz,  R.  D. 
Ellerbrock,  A.  Fuest,  K.  Wilmers, 

R.  A.  Brand 

5583 

Giant 

Magnetic  properties  of  fcc-Fe  multilayer  (invited)  (abstract) 

Magnetoresistance-Granular  Systems 

M.  Matsui,  M.  Doi,  A.  Kida,  Y. 
Yamada 

5584 

Giant  magnetoresistance  and  high  sensitivity  in  annealed  NiFeCo/Ag 
multilayers 

J.  W.  Dykes,  Y  K.  Kim,  A. 
Tsoukatos,  S.  Gupta,  S.  C.  Sanders 

5587 

Finite-size  effect  and  its  temperature  dependence  of  giant 
magnetoresistance  in  magnetic  granular  materials 

Jian-Qing  Wang,  Gang  Xiao 

5590 

Thickness  dependence  of  giant  magnetoresistance  of  AgNiFe 
heterogeneous  alloys  films 

J.  Wiggins,  M.  L.  Watson,  P.  A. 
Gago-Sandoval,  K.  O’Grady 

5593 

Jitterbug  spin  channel  mixing  in  heterogeneous  giant  magnetoresistive 
material 

J.  F.  Gregg,  W.  Allen,  S.  M. 
Thompson,  M.  L.  Watson,  G.  A. 
Gehring 

5596 

Modeling  effects  of  temperature  annealing  on  giant  magnetoresistive 
response  in  discontinuous  multilayer  NiFe/Ag  films 

J.  0.  Oti,  Y.  K.  Kim 

5599 

Giant  magnetoresistance  in  melt-spun  Cu80Ni10Fe10  ribbons 

L.  H.  Chen,  S.  Jin,  T.  H.  Tiefel, 

S.  Y.  Liao,  Y.  D.  Yao 

5602 

Giant  magnetoresistance  properties  in  multilayered  Co-Ag/Cu  granular 
alloys 

Makoto  lijima,  Yutaka  Shimizu, 
Naomi  Kojima,  Atsushi  Tanaka, 
Kazuo  Kobayashi 
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5605  Modeling  giant  magnetoresistance  and  magnetization  of  Ag1  „xNix_yFey 
heterogeneous  alloy  films  (abstract) 

5606  Structural  evolution  in  sputtered  Co90Fe10/Ag  giant  magnetoresistance 
multilayers 

Ultra-Thin  Films 

5609  Magnetic  domain  structure  in  ultrathin  Cu/Ni/Cu/Si(001)  films  (invited) 

5615  Magnetization  and  finite-size  effects  in  Gd/W  multilayers 

5618  Magnetism  and  structure  of  ultrathin  fee  FexCo-j  _x  films  on  Cu(001) 
(abstract) 

5619  Magnetization  reversal  properties  near  the  reorientation  phase  transition 
of  ultrathin  Fe/Ag(100)  films 

5622  Structure  and  magnetism  in  fee  magnetic  transition  metals  on  (001) 
diamond  (abstract) 

5623  Anomalous  perpendicular  magnetism  in  Ni/Cu(001)  films  and  the  effects 
of  capping  layers 

5626  Magnetic  x-ray  linear  dichroism  in  the  photoelectron  spectroscopy  of 
ultrathin  magnetic  alloy  films 

5629  New  magnetic  phases  of  Fe  on  fee  Co(001)  and  Ni(001) 

5632  Nonlinear  magneto-optical  Kerr  effect  study  of  quantum-well  states  in  a 
Au  overlayer  on  a  Co(0001)  thin  film 

5635  Growth  and  magnetic  properties  of  FexNi.,_x  ultrathin  films  on  Cu(100) 

5638  Quantum  well  states  and  interlayer  coupling:  Co/Cu(100) 

5641  The  growth  of  Fe  on  sulphur  passivated  Ge(100):  A  technique  for  avoiding 
intermixing 

Recording  Phenomena  and  Modeling 

5644  Data  storage  based  on  proximal  probe  techniques  (invited)  (abstract) 

5645  Recording  performance  of  submicron  track  width  thin  film  heads 

5648  Effects  of  write  current  switching  time  on  recording  characteristics 
(abstract) 

5649  Bit-shift  performance  investigations  at  different  skew  angles  and  for 
different  media  orientations 

5652  Track-width  dependence  of  transition  jitter  / 

5655  Trilayer  media  for  high  track  density  longitudinal  recording 

5658  Experimental  analysis  of  the  effects  of  tape  thickness  on  magnetic 
recording 

5661  Signals  and  nonlinearities  in  thin  metal-particle  tape 

5664  Computer  simulation  of  ultrahigh-density  perpendicular  magnetic  recording 

5667  Barkhausen  jumps  during  domain  wall  motion  in  thin  magneto-optical  films 

5670  Simulation  of  magneto-optic  readout  signal  spectrum  using  digitized  mark 
and  beam  patterns  (abstract) 
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Jamet,  P.  Meyer,  R.  Megy 
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H.  J.  Mamin,  B.  D.  Terris,  D.  Rugar 

T.  T.  Lam,  Y.  Luo,  J.-G.  Zhu,  H.-C. 
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Shiroishi,  M.  Suzuki,  Y.  Sugita 
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P.  Dhagat,  E.  Glavinas,  A.  Jander, 
D.  G.  Porter,  R.  S.  Indeck,  M.  W. 
Muller 

J.  Akiyama,  Y.  Ohinata,  T.  Hikosaka, 

T.  Taguchi,  Y  Tanaka 

A.  Friedmann,  D.  Wei,  H.  N. 
Bertram,  J.  K.  Wolf,  R.  Swanson,  F. 
Jeffers 

Dan  Wei,  H.  Neal  Bertram,  A. 
Friedmann 

K.  Yoshida,  M.  Hara,  Y.  Hirayama, 
Y.  Sugita 
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S.  Jo,  J.  W.  Sohn,  S.  K.  Lee,  S.  G. 
Kim 
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5671  Prediction  of  the  limitations  placed  on  magnetoresistive  head  servo 
systems  by  track  edge  writing  for  various  pole  tip  geometries 

5674  Autotuning  of  a  servowriter  head  positioning  system  with  minimum 
positioning  error 

Magneto-Optic  Recording  Media  III 

5677  The  effect  of  additives  on  MSR  performance  of  GdFeCoM/TbFeCo 
(M=Ta,  Pt)  double  layer 

5680  Exchange  coupling  in  rare-earth/transition-metal  multilayers  for  magnetic 
super-resolution 

5683  Transition  from  in-plane  to  perpendicular  magnetization  in  MSR 
magneto-optical  disks 

5686  Magnetic  parameter  control  for  high-density  quadrivalued  MO  recording 
(invited)  (abstract) 

5687  Magneto-optical  recording  on  patterned  substrates  (invited) 

5693  Comparison  of  the  magneto-optical  figure  of  merit  of  NdFeCo  and 
TbFeCo  alloys 

5696  Effect  of  sputtering  condition  on  dynamic  characteristics  and 

microstructures  of  magneto-optical  5.25  in.  SiN/TbFeCo/SiN/AI  disks  for 
532  nm  recording  media 

5699  A  study  on  the  Kerr  angle  enhancement  by  the  magnetic  image  effect 
(abstract) 

5700  A  dynamic  study  of  domain  formation  mechanism  during  thermomagnetic 
recording  based  on  micro-Hall  effect  measurements 

5703  The  rate  of  domain  growth  in  magneto-optic  recording  media  (abstract) 

5704  Sensitivity  enhancement  of  Co/Pt  superlattices  through  underlayer 
composition  modification 

Magnetic  Excitations  II 

5707  Magnetic  circular  x-ray  dichroism  in  Fe7S8  and  Fe7Se8  (abstract) 


5708  Magnetic  circular  x-ray  dichroism  in  Co/Pt  multilayers  (abstract) 


5709  Mossbauer  and  x-ray  diffraction  studies  of  the  phase  composition  of 
crystallized  NdxFe81.5_xB18.5  alloys  with  7=sxs16  (abstract) 

5710  Superexchange  interactions  in  Ni0.5Coo.5Fe204 

5713  A  57Fe  Mossbauer  study  of  Gd2Fe17_xGaxC2  (x=0-6) 


5716  The  low-temperature  rate  of  electron  capture  beta  decay  in  magnetic 
materials 

5718  Bragg  diffraction  of  laser  light  by  magnetostatic  forward  volume  waves  in 
a  layered  yttrium-iron-garnet  film  geometry 

5721  Modulation  of  magnetostatic  surface  wave  in  garnet  film  by  optical  pulses 

5724  Dipole-exchange  spin  wave  spectra  of  exchange-coupled  magnetic 
multilayers  calculated  by  transfer  matrix  formalism 

5727  Nonlinear  magneto-acoustic  waves  in  ferromagnets 
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5730  Parametrical  interaction  of  magnetostatic  volume  waves  in  a  space-time 
periodic  magnetic  field 

5733  Characteristic  analysis  of  coupled  microstrip  patch  resonators  on 
ferrimagnetic  substrates 

5736  Characteristics  of  microstrip  directional  coupler  on  magnetized  ferrites 

5739  Magnetic  losses  in  stripline/microstrip  circulators 

5742  Experimental  determination  of  an  effective  demagnetization  factor  for 
nonellipsoidal  geometries 

5745  Quantum  fluctuations  in  antiferromagnets  of  the  BX2  family  (abstract) 

5745  Spin  configurations  in  VBr2  supported  by  uniaxal  anistropy  and  quantum 
fluctuations  (abstract) 

Micromagnetics  and  Hysteresis 

5746  Henkel  plots  and  the  Preisach  model  of  hysteresis 

5749  Kinetic  Ising  systems  as  models  of  magnetization  switching  in  submicron 
ferromagnets 

5752  Simple  function  for  a  complex  domain  configuration 

5755  Dynamical  micromagnetics  of  a  ferromagnetic  particle:  Numerical  studies 

5758  Anomalous  time-induced  curvature  in  Henkel  plots  based  on  the  Preisach 
model 

5761  Magnetization  reversal  and  small  lancettes  calculated  by  statistic  domain 
behavior  (abstract) 

5762  Surface  anisotropy  of  a  fine  y-Fe203  particle 

5764  Random  free  energy  model  for  the  description  of  hysteresis 

5767  Micromagnetics  of  polycrystalline  two-dimensional  platelets 

5770  Three-dimensional  analysis  of  the  magnetization  process  of  thin-film 
media 

5773  Characterization  of  minor  loops  using  Preisach-based  models 

Head-Media  Interface  and  Tribology 
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6176  \-Mn02,  a  new  frustrated  antiferromagnet  with  the  defect  spinel  structure 
(abstract) 

Magneto-Optic  Kerr  Effect:  Theory  and  Experiment 

6177  Theory  of  nonlinear  magneto-optics  (invited) 

6181  Giant  nonlinear  magneto-optical  Kerr  effects  from  Fe  interfaces  (invited) 
6186  Symmetry  of  the  magneto-optic  response  of  the  Sagnac  interferometer 

6189  Second-order  magneto-optic  effects  in  anisotropic  thin  films  (abstract) 

6190  Spectroscopic  Kerr  investigations  of  CoNi/Pt  multilayers 


6193  In  situ  and  ex  situ  optical  characterization  of  electro  deposited 
magneto-optic  materials 

6196  Theoretical  predictions  of  the  polar  Kerr  effect  in  Fe  and  Co 

6199  First  principles  calculations  of  the  Kerr  effect  in  MnBi,  MnSb,  and  Mn2BiSb 
(abstract) 

6200  Dielectric  tensor  characterization  of  Mno.53Bio.47  and  Mn0.52Bio.44Sbo.o4 
films 

6203  Influence  of  Al  capping  layers  on  growth,  topography,  and  magnetic 
properties  on  MnBi  thin  films 

6206  Magnetic  and  magneto-optical  properties  of  Mn^.^yZny 

Magnetostriction 

6209  First  principles  determinations  of  magnetostriction  in  transition  metals 
(invited) 

6213  Zero  field  damping  capacity  in  (T^Dy^^Fey 

6216  Anomolous  A  E  effects  in  TbDyZn  alloys 

6219  Enhancement  of  piezomagnetic  response  of  highly  magnetostrictive  rare 
earth-iron  alloys  at  kHz  frequencies 

6222  Texture  in  magnetic  annealed  Terfenol-D  films 

6225  Stress  dependence  of  magnetostrictions  and  strains  in  (lll)-oriented 
single  crystals  of  Terfenol-D 


N.  P.  Raju,  J.  E.  Greedan,  J.  S. 
Pedersen,  Ch.  Simon,  A.  Maignan, 
A.  M.  Niraimathi,  E.  Gmelin,  M.  A. 
Subramanian 

J.  E.  Greedan,  Guo  Liu,  N.  P.  Raju, 
J.  N.  Reimers,  Zin  Tun 


U.  Pustogowa,  T.  A.  Luce,  W. 
Hubner,  K.  H.  Bennemann 

Th.  Rasing,  M.  Groot  Koerkamp,  B. 
Koopmans,  H.  v.d.  Berg 

J.  S.  Dodge,  L.  Klein,  M.  M.  Fejer, 
A.  Kapitulnik 

R.  M.  Osgood  III,  B.  M.  Clemens, 
R.  L.  White 

W.  P.  Van  Drent,  T.  Suzuki,  Q. 
Meng,  J.  C.  Lodder,  Th.  J.  A. 
Popma 

James  N.  Hilfiker,  Darin  W.  Glenn, 
Scott  Heckens,  John  A.  Woollam, 
Kurt  W.  Wierman 

J.  M.  MacLaren,  W.  Huang 

W.  Huang,  J.  M.  MacLaren,  R.  H. 
Victora 

Z.  Celinski,  Zheng  Yan 

U.  Rudiger,  P.  Fumagalli,  P. 
Dworak,  A.  Schirmeisen,  G. 
Guntherodt 

Kurt  W.  Wierman,  Roger  D.  Kirby 


Ruqian  Wu,  A.  J.  Freeman 

J.  P.  Teter,  K.  B.  Hathaway,  A.  E. 
Clark 

J.  R.  Cullen,  M.  Wun-Fogte,  J.  B. 
Restorff,  J.  R  Teter,  A.  E.  Clark 

P.  P.  Pulvirenti,  D.  C.  Jiles,  R.  D. 
Greenough,  I.  M.  Reed 

M.  Loveless,  S.  Guruswamy 

Xuegen  Zhao,  Guangheng  Wu, 
Jinghua  Wang,  Kechang  Jia, 
Wenshan  Zhan 


Giant  Magnetoresistance  in  Multilayers  and  Granular  Systems 

6228  Effects  of  surface  topology  and  texture  on  exchange  anisotropy  in  NiFe/Cu/ 
NiFe/FeMn  spin  valves 

6231  High  sensitivity  in  magnetoresistance  of  epitaxial  NiFe/Cu/Co  (/Cu)  (100) 
superlattices 

6234  Factors  affecting  performance  of  NiO  biased  giant  magnetoresistance 
structures 

6237  Giant  magnetoresistance  effect  and  electric  conduction  in 
amorphous-CoFeB/Cu/Co  sandwiches 


C. -M.  Park,  K.-l.  Min,  K.  H.  Shin 

Y.  Kawawake,  H.  Sakakima,  Y.  Irie, 
M.  Satomi 

S.  F.  Cheng,  J.  P.  Teter,  P.  Lubitz, 
M.  M.  Miller,  L.  Hoines,  J.  J.  Krebs, 

D.  M.  Schaefer,  G.  A.  Prinz 

M.  Jimbo,  K.  Komiyama,  S. 
Tsunashima 


(Continued) 


6240  Size  effects  and  giant  magnetoresistance  in  unanneaied  NiFe/Ag  multilayer 
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We  present  a  series  of  magnetic  force  microscope  (MFM)  images  of  epitaxial  magnetic  thin  films. 

The  films  studied,  Ni/Cu/Si(001)  capped  by  2  nm  of  Cu,  exhibit  perpendicular  anisotropy  over  an 
exceptionally  broad  thickness  range,  2  nm</?<14  nm.  The  magnetic  domain  structure  of  the 
as-grown  films  shows  a  sharp  transition  to  a  finer  length  scale  above  a  finite  critical  thickness  of  12 
nm.  Micromagnetic  theory  provides  the  first  quantitative  description  for  these  general  but  previously 
unexplained  phenomena.  Further  we  discuss  MFM  data  obtained  on  films  with  a  thickness  larger 
than  14  nm.  These  films  show  a  pronounced  in-plane  anisotropy.  ©  1996  American  Institute  of 
Physics .  [S0021-8979(96)  19308-3] 


I.  INTRODUCTION 

The  study  of  magnetic  thin  films  in  which  perpendicular 
magnetization  is  realized  is  of  particular  importance  in  many 
applications  such  as  information  storage  media  and  diverse 
sensors  for  magnetic  field,  strain  and  acceleration.  A  perpen¬ 
dicular  orientation  of  M  defies  the  magnetostatic  energy 
which  tends  to  keep  the  magnetic  moments  in  plane.  The 
study  of  thin  film  systems  in  which  perpendicular  magneti¬ 
zation  is  realized,  e.g.,  fee  Fe/Cu(001),1-3  bcc  Fe/Ag,4 
Co/Pt,5  Co/Au,6,7  Ni/Cu,8"11  remains  very  active.  In  many 
cases  the  behavior  of  the  magnetization  with  field  is  modeled 
assuming  the  ultrathin  film  is  comprised  of  a  single  magnetic 
domain.  However,  in  some  ultrathin  film  cases  such  as 
Co/Cu,12  Co/Au,13,14  and  Cu/Ni/Cu15,16  where  domains  have 
been  observed,  this  assumption  is  not  correct.  Further,  it  is 
expected  that  as  film  thickness  increases  domain  size  should 
first  decrease  then  increase.17  Also,  at  sufficiently  large  film 
thickness  the  magnetostatic  energy  increases  to  a  level  at 
which  M  falls  into  the  film  plane.  There  is  as  yet  no  clear 
understanding  of  the  conditions  under  which  domains  should 
exist  in  ultrathin  films  or  of  the  evolution  of  their  domain 
structure  with  film  thickness.  Further,  the  mode  by  which  the 
magnetization  reverts  to  an  in-plane  orientation  with  increas¬ 
ing  film  thickness  (coherent  rotation,  domain  wall  expansion, 
or  formation  of  surface  layers  with  perpendicular  magnetiza¬ 
tion,  while  the  magnetization  inside  of  the  film  falls  in-plane) 
has  not  been  resolved. 

We  have  made  an  extensive  magnetic  force  microscopy 
study  of  the  magnetic  domain  structure  in  Cu/Ni/Cu/Si(001) 
over  a  Ni  thickness  range  of  2  nm</i<17.5  nm.  The  samples 
studied  are  a  series  of  MBE-grown,  epitaxial  Ni/Cu/Si(001) 
films  capped  with  2  nm  of  Cu.  These  films  had  previously 
been  fully  characterized  in  situ ,  before  capping,  using 
RHEED18,19  and  after  capping  by  magneto-optic  Kerr 
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effect8,10  and  ex  situ  after  capping  using  vibrating  sample 
magnetometry11  and  optical  interferometry  (for  strain 
measurements).18,19  The  Cu/Ni/Cu/Si(001)  system  shows  an 
extremely  broad  thickness  range  (2  nm  to  14  nm)  over  which 
perpendicular  magnetization  is  observed.9,11  Here  we  show 
that  a  magnetic  force  microscope  (MFM)  can  resolve  do¬ 
mains  in  magnetic  films  as  thin  as  2  nm  and  report  the  first 
detailed  experimental  confirmation  of  a  micromagnetic 
model  predicting  a  transition  to  an  essentially  infinite  domain 
size  below  a  critical  thickness  of  a  magnetic  film.  Finally,  the 
MFM  images  indicate  that  the  perpendicular  to  in-plane  tran¬ 
sition  with  increasing  film  thickness  is  not  achieved  by  co¬ 
herent  rotation  of  domain  magnetization  but  by  a  more  com¬ 
plex  process  which  is  not  yet  fully  understood.  We  propose  a 
first  model  which  explains  both,  the  MFM  data  and  the  mag¬ 
netization  measurements. 


II.  MFM  ON  PERPENDICULARLY  MAGNETIZED  THIN 
FILMS 

We  use  a  new,  sophisticated  MFM  which  was  built  for 
low  temperature  and  ultrahigh  vacuum  (UHV)  use.  The 
small  size  of  the  instrument  (diameter:  40.4  mm,  length:  120 
mm),  the  thermally  well  compensated  construction  not  con¬ 
taining  any  ferromagnetic  materials  allows  its  use  in  a  mag¬ 
netic  field  produced  by  a  Cu-wire-solenoid.  The  technical 
details  and  properties  of  the  microscope  will  be  published 
later.  All  measurements  presented  here  are  taken  in  air,  at 
room  temperature  and  in  zero  magnetic  field  (no  special  pre¬ 
cautions  were  taken  to  shield  the  earths  magnetic  field).  The 
MFM  is  operated  in  the  static,  variable  deflection  mode 
which  is  well  suited  for  high-speed  images  of  large  areas.20,21 
The  force  on  a  magnetic  force  microscope  tip  in  the  mag¬ 
netic  stray  field  of  a  sample  is  given  by 
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FIG.  1.  Model  domain  structure  with  the  coordinate  system. 
M — magnetization  (arrow  up=l,  arrow  down=-l);  h — film  thickness; 
2D — domain  size;  (z0  ,x) — position  of  MFM  tip. 


f  d 

F z=  “  MO  '  I  ^Tip*  Hsampie(x, y ,z)  dV.  (1) 

j  FiipL  az 

To  obtain  a  tip  with  a  well  defined  direction  of  the  mag¬ 
netization  we  have  used  an  electron  microscope  to  grow  a 
deposition  tip  on  a  standard  pyramid  tip  of  a  commercially 
available  cantilever.  The  needle  like  tip  was  grown  in  an 
angle  of  approximately  ten  degrees  to  the  vertical  axis  of  the 
pyramid  tip  to  have  the  needle  like  tip  perpendicular  to  the 
surface  of  the  sample.  The  tip  is  made  sensitive  to  magnetic 
stray  fields  by  a  25-nm-thick  Co  film  which  was  deposited 
on  the  side  of  the  needle  like  tip  by  thermal  evaporation.22 
The  strong  shape  anisotropy  of  the  thin  film  keeps  the  mag¬ 
netization  along  the  tip  axis 

Mxip=(0,0,Mz,Tip).  (2) 

With  the  tip  magnetization  being  purely  along  the  z-axis  Eq. 
(1)  can  be  rewritten  as 


F  z  <[>  [Pm,Tip’^z,Sample(^’}75^)]^'^» 

•^Tip 

where  pm  Xip  is  the  magnetic  surface  charge  density  of  the  tip. 
Approximating  the  tip  as  a  long  and  thin,  homogeneously 
magnetized  cylinder  with  magnetic  charges  at  the  bottom 
surface,  Abottom  and  the  top  surface,  Atop  Eq.  (3)  simplifies  to 


Fz  Mo  *  ^z,Tip* 


•^z,Sample^A 


^Z,Sampl  edA 


Since  the  distance  of  the  top  surface  of  the  tip  to  the  surface 
of  the  sample  is  about  1  pm  larger  than  the  one  of  the  bottom 
surface  to  the  sample.  Thus  the  part  of  the  force  produced  by 
the  top  surface  can  be  neglected.  Then  the  force,  Fz  [Eq.  (4)] 
reflects  the  local  stray  field  averaged  over  the  area  of  the 
bottom  surface  of  the  tip.  The  size  of  the  bottom  surface  sets 
a  natural  limit  to  the  resolution  of  the  stray  field  of  the  MFM 
experiment.  However,  for  all  images  presented  in  this  work 
the  distance  between  two  image  points  is  approximately  60 


c)  d) 
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FIG.  2.  Model  calculation  of  the  stray  field  above  a  periodical  domain 
structure  in  a  perpendicularly  magnetized  thin  film.  Magnetization — arrow 
up=l,  arrow  down=-l;  field  in  same  units  as  the  magnetization;  domain 
size — D-  1  fi m,  d=  0.2  /mi;  film  thickness — H=  10  nm,  A  =  2.5  nm;  tip- 
to- sample  distance— Z =  200  nm,  z  =  50  nm.  (a)  Stray  field  above  model 
structure,  (b)  Stray  field  for  a  larger  tip-to-sample  distance  (Z=200  nm).  (c) 
Stray  field  for  a  thinner  film  (h  -  2.5  nm).  (d)  Stray  field  for  smaller  domains 
(d=  0.2  ^tm). 


nm  and  therefore  about  a  factor  of  two  larger  than  the  diam¬ 
eter  of  the  bottom  area,  Abottom  of  the  tip.  Equation  (4)  further 
simplifies  to 

Fz  =  qTip-Hz,  (5) 

where  ^Tip  =  /n0  ■  Mz  Jip  •  Abottom  is  the  magnetic  charge  of  the 
bottom  surface  of  the  magnetic  tip.  Note  that,  within  these 
limits  the  magnetic  force  microscope  image  is  proportional 
to  the  z  component  of  the  stray  field  of  the  sample. 

To  have  a  better  understanding  of  the  MFM  images  ob¬ 
tained  on  the  Ni  sandwiches  we  analytically  calculate  the 
stray  field  of  a  periodical,  perpendicularly  magnetized  model 
thin  film  sample  (Fig.  I).20,23  For  a  film  thickness,  h ,  a  do¬ 
main  period,  2D,  and  a  tip-to-sample  distance,  z0,  we  obtain 

2  00  (-l)w[  / 

Hz(x,z  =  *„)=-•  AWS  2^+1  [ 1 " ' eXPl  " (2' ' 


27rh\ 

+l)-2Dirp 


(2  n  +  1 ) 


2irz0 

2D 


5610 
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FIG.  3.  Simulation  of  MFM  data,  (a)  Domain  Structure,  (b)  Calculated  stray 
field  (force)  using  the  domain  structure  (a)  and  a  film  thickness  of  10  nm.  (c) 
MFM  data  acquired  on  a  film  with  a  thickness  of  10  nm  [the  domain  struc¬ 
ture  of  Fig:  3(a)  was  derived  from  this  data],  (d  and  f)  Cross  sections  of 
simulation  to  be  compared  with  (f)  and  (g)  cross  section  of  MFM  data. 


From  Eq.  (6)  we  learn  that  the  stray  field  becomes  smaller 
towards  the  center  of  a  domain  [Fig.  2(a)],  for  increasing 
tip-to-sample  distance  [Fig.  2(b)]  and  for  decreasing  film 
thickness  [Fig.  2(c)].  Note  that  the  force  contrast  does  not 
decreased  as  the  domain  size  is  decreased  by  a  factor  of  four 
[Fig.  2(d)].  This  rather  unexpected  behavior  is  a  special 
property  of  thin  films.  For  an  infinitely  thick  sample  the  de¬ 
cay  of  the  force  contrast  with  decreasing  domain  size  is  gov¬ 
erned  by  the  first  exponential  factor  in  the  second  line  of  Eq. 
(6).  Clearly  a  domain  structure  of  smaller  size  (in  an  infi¬ 
nitely  thick  sample)  produces  a  smaller  force  contrast.  In  thin 
films,  however,  the  situation  can  be  different,  as  shown  in 
Fig.  2(d).  The  difference  is  due  to  the  two  magnetic  charges 
of  opposite  sign  induced  on  the  top  and  bottom  surface  of  the 
film.  Thus  a  small  distance  above  the  center  of  a  large  do¬ 
main  we  expect  to  have  a  very  small  stray  field  [Fig.  2(a)].  In 
contrast  to  the  large  domain,  the  field  above  the  small  do¬ 
main  is  mainly  dominated  by  the  fringe  fields  at  the  site  of 
the  domain  wall  and  can  therefore  be  larger  [Fig.  2(d)]. 

Using  a  new  theoretical  approach24  the  stray  field  for  an 
arbitrary  complex  two-dimensional  perpendicularly  magne¬ 
tized  domain  pattern  [Fig.  3(a)]  can  be  calculated.  The  ob¬ 
tained  stray  field  [Fig.  3(b)]  perfectly  matches  the  measured 
MFM  data  [Fig.  3(c)].  This  is  impressively  demonstrated  by 
comparing  the  calculated  cross  sections  (i,ii)  [Figs.  3(d)  and 
3(f)]  with  experimental  cross  sections  [Figs.  3(e)  and  3(g)]. 

III.  DOMAIN  STRUCTURES  OF  FILMS  CONTAINING  2 
nm  TO  12.5  nm  OF  Ni 

The  MFM  images  confirm  dramatically  that  the  magne¬ 
tization  is  indeed  strongly  held  to  a  perpendicular  direction 


as  indicated  by  magneto-optic  KERR  effect 
measurements8,10  and  vibrating  sample  magnetometry.4  In 
these  images  the  contrast  is  due  to  magnetization  into  and 
out  of  the  plane;  no  regions  of  in-plane  magnetization  were 
observed  other  than  the  domain  walls  themselves. 

It  is  noteworthy  that  the  domain  walls  show  no  orienta¬ 
tional  correlation  with  the  easy  in-plane  (110)  crystallo¬ 
graphic  directions  in  these  epitaxial  Ni  films.  This  will  be  the 
subject  of  a  forthcoming  paper.  The  domain  walls  are  Bloch 
walls,  not  Neel  walls,  so  the  wall  magnetization  runs  along 
the  wall  length  with  no  cost  in  magnetostatic  energy.  (Neel 
walls  are  preferred  only  in  thin  films  exhibiting  in-plane 
magnetization.)  Based  on  our  magnetic  anisotropy 
measurements,11  the  wall  width,  Sdw=  ir(AIK)m  should  be 
of  order  30  nm  for  a  Ni  thickness  of  8.5  nm  and  increases  for 
thinner  or  thicker  films. 

The  domain  structure  of  the  as-grown  films  is  character¬ 
ized  by  two  types  of  behavior  in  different  thickness  ranges. 
At  and  below  8.5  nm  of  Ni  the  domain  patterns  are  irregu¬ 
larly  spotted  [Figs.  4(a)-4(d)]  and  tend  toward  serpentine 
patterns  at  larger  thickness,  h  [Fig.  4(e)].  The  length  scale  of 
this  coarse  structure  is  poorly  defined  but  its  average  de¬ 
creases  with  increasing  thickness,  h .  Relative  to  the  film 
thickness,  these  patterns  are  essentially  infinite  in  lateral 
scale  (1-4  /mi)  and  so  may  be  characterized  by  a  reduced 
domain  size  parameter  Dlh The  weak  energies  that  gov¬ 
ern  these  features  are  not  yet  well  understood.  Above  8.5  nm 
the  relatively  large  serpentine  domains  begin  to  break  down 
by  internal  fragmentation  (submicron  bubble  domain  forma¬ 
tion)  as  seen  in  Figs.  4(e)  and  4(f).  It  is  noteworthy  that  the 
larger  domain  features  that  characterize  the  thinner  Ni  films 
[Figs.  4(a)-4(d)]  are  preserved  even  as  the  internal  fragmen¬ 
tation  of  the  domains  progresses  with  increasing  thickness 
above  8.5  nm  [Figs.  4(e)  and  4(f)].  This  suggests  that  these 
separate-scale  structures  may  be  governed  by  different  ener¬ 
gies  and/or  kinetics.  As  the  Ni  thickness  increases,  magneto¬ 
static  energy  is  reduced  by  refinement  of  the  interior  bubble 
domain  structure  rather  than  by  more  complex  contortions  of 
the  existing  domain  walls.  This  occurs  because  the  magneto¬ 
static  energy  well  inside  a  domain  is  (/i0/2)M2  while  it  is 
significantly  reduced  near  an  existing  domain  wall.  We  can 
calculate  the  transition  to  this  finer  domain  structure  and  its 
length  scale  by  extensions  of  domain  theory  as  outlined  by 
Kittel25  and  developed  by  others.17,26  As  shown  in  Ref.  2,  the 
energy  difference  between  stripe  and  checker  domain  pat¬ 
terns  is  small.  Neglecting  the  finite  width  of  the  domain 
walls,  we  may  use  the  expression  for  the  energy  per  unit 
surface  area  for  a  stripe  domain  structure,  i.e., 

,,,,2  D  1-exp (-mrh/D)  hadw(h) 
u=\ms-^  - +— —  ’  (7) 

where  we  write  the  domain  wall  energy  density, 
<jdw(h)  =  4(AKeff)m  as  a  function  of  Ni  thickness  because 
of  the  strong  dependence  of  the  measured  effective  anisot¬ 
ropy,  Keff ,  on  thickness.9,10  We  have  numerically  minimized 
Eq.  (7)  with  respect  to  the  domain  size,27  using  the  methods 
of  Malek  and  Kambersky.28  For  the  range  of  interest  here, 
h<  14  nm,  we  have  plotted  the  numerical  solution  in  Fig.  5 
using  the  experimentally  measured10  effective  anisotropy, 
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FIG.  4.  MFM  data  acquired  on  Cu/Ni/Cu  films  containing  (a)  2  nm,  (b)  5  nm,  (c)  7.5  nm,  (d)  8.5  nm,  (e)  10  nm,  (f)  12.5  nm  Ni.  (Image  size:  13.9  /unXl5.8 
/mi.) 


Keff,  in  adw,  A  =  l-10-6  erg/cm  and  Ms^ 435  emu/cm3. 
This  magnetization  density  is  smaller  than  the  bulk  value  for 
Ni,  485  emu/cm3,  but  is  typical  of  that  measured  for  our 
films  in  this  thickness  range. 

The  thickness,  h,  corresponding  to  the  onset  of  domain 
fragmentation  is  calculated  to  be  approximately  8.5  nm  and 
the  average  domain  spacing  is  calculated  to  decrease  to  about 
0.6  /zm  for  h—  12  nm.  The  domain  images  indicate  that  be¬ 
tween  h~ 8.5  and  10  nm  [Figs.  4(d)  and  4(e)]  the  fine  do¬ 
mains  first  appear  in  our  Cu/Ni/Cu  sandwiches  but  a  com¬ 
plete  breaking  up  into  submicron  domains  occurs  between 
h~  10  and  12.5  nm  [Figs.  4(e)  and  4(f)].  Thus  the  observed 
domain  structure  breaks  up  into  small  bubbles  at  a  thickness, 
h ,  where  the  domain-size  vs  thickness  function  develops  a 


FIG.  5.  Domains  size  versus  Ni  film  thickness.  —  domain  size  versus  Ni 
film  thickness;  *•*  energy  versus  domain  size;  and  •  experimental  value. 


pronounced  energy  minimum  (Fig.  5,  insets).  Below  10  nm 
film  thickness,  the  minimum  of  the  energy,  u,  vs  the  domain 
size,  D,  from  Eq.  (7)  is  extremely  shallow/suggesting  that  at 
finite  temperatures  a  broad  range  of  D  values  would  be  al¬ 
lowed.  Indeed  the  measured  domain  size  for  films  with  thick¬ 
nesses  below  8.5  nm  is  smaller  than  expected  from  our 
model.  The  model  is  only  valid  for  a  thickness  h  above  10 
nm  where  the  energy  minimum  becomes  well  defined. 

IV.  TRANSITION  OF  THE  EASY  AXIS  OF 
MAGNETIZATION  ABOVE  14  nm  Ni-FILM  THICKNESS 

Above  a  Ni  thickness  of  14  nm  where  magnetometry9-11 
indicates  the  easy  magnetization  axis  is  in  plane  (Fig.  6),  the 


Ni  Thickness  (A) 


FIG.  6.  Dependence  of  keff'h  on  Ni  film  thickness  in  Cu/Ni/Cu/Si(001) 
sandwiches.  The  perpendicular  magnetic  anisotropy  dominates  over  a  large 
Ni  thickness  range  from  2  nm  to  14  nm. 
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MFM  data  reveals  small  bubbles  still  magnetized  perpen¬ 
dicularly  (Fig.  7).  This  suggest  that  the  net  in-plane  magne¬ 
tization  measured  by  magnetometry  at  15  nm  Ni  may  be  due 
to  a  layer  of  in-plane  magnetization  burned  inside  the  Ni 
film  and/or  due  to  the  broad  Bloch  walls  between  smaller, 
perpendicularly  magnetized  regions  at  the  surface  of  the  film. 
Magnetization  measurements  reveal  the  net  in-plane  moment 
whereas  MFM  detects  the  z  component  of  the  fringe  field 
above  the  small  perpendicularly  magnetized  regions.  From 
Refs.  9,  10,  and  11  we  know  that  the  strong  perpendicular 
anisotropy  observed  in  Cu/Ni/Cu-sandwiches  with  an  Ni 
thickness  between  2  and  14  nm  (Fig.  6)  is  mainly  caused  by 
the  magnetocrystalline  surface  anisotropy  and  the  combina¬ 
tion  of  misfit  strain  and  the  large  positive  bulk  magnetoelas¬ 
tic  coupling  coefficient. 

In  sandwiches  with  a  sufficiently  large  Ni  thickness9  the 
misfit  strain  decays  towards  the  inside  of  the  film  due  to 
misfit  dislocations.  Thus,  perpendicular  anisotropy  caused  by 
the  bulk  magnetoelastic  coupling  becomes  less  important  in¬ 
side  the  film  whereas  the  positive  magnetocrystalline  surface 
anisotropy  still  keeps  the  magnetization  perpendicular  at  the 
surface  of  the  film. 

Thus  the  easy  axis  transition  in  these  films  appears  to  be 
the  result  of  wall  broadening  of  the  perpendicularly  magne¬ 
tized  surface  regions  and  possibly  a  complex  rotation  of  the 
magnetization  into  the  film  plane  in  the  inside  of  the  film. 
This  is  the  subject  of  a  forthcoming  publication. 

V.  CONCLUSION 

We  have  measured  the  domain  size  in  a  series  of  epitax¬ 
ial  Cu/Ni/Cu  films  over  the  Ni  thickness  range  2  nm <h 
<17.5  nm  using  a  high-resolution  MFM.  From  2  nm  up  to 
10  nm  of  Ni  the  domains  are  large  and  of  a  relatively  irregu¬ 
lar  size;  their  average  size  decreases  with  increasing  Ni 
thickness.  Between  8.5  and  10  nm  of  Ni  internal  fragmenta¬ 
tion  of  the  larger  domains  into  sub-micron  bubble  domains 
begins.  The  size  and  spacing  of  these  internal  bubble  do¬ 


mains  decreases  to  approximately  0.3  fim  at  h  =  12.5  nm  for 
the  as-grown  films.  In  contrast,  the  demagnetized  films  show 
such  a  small  domain  size  already  at  smaller  Ni  thicknesses 
around  10  nm.  These  finer  domains  are  more  uniform  in  their 
spacing  than  are  the  coarser  domains  observed  below  8.5  nm. 
All  of  these  features  in  films  with  Ni  thicknesses  up  to  12.5 
nm  are  well  described  by  micromagnetic  domain  theory.  At 
larger  Ni-thicknesses  the  MFM  data  indicates  that  the  transi¬ 
tion  of  the  easy  axis  of  magnetization  from  out-off-plane  to 
in-plane  as  revealed  by  magnetometry  is  due  to  a  rather  com¬ 
plex  interplay  of  perpendicularly  magnetized  surface  layers 
and  laterally  magnetized  regions  in  the  inside  of  the  film. 
Further  MFM  studies  on  much  thicker  sandwiches  as  well  as 
MFM  measurements  searching  for  domain  walls  of  the  lat¬ 
erally  magnetized  regions  in  the  inside  are  underway. 
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We  have  studied  the  magnetization  and  finite-size  effects  of  thin  Gd  layers  in  sputter-deposited 
Gd/W  multilayers.  The  interfacial  Gd  atoms  lose  about  9%  of  their  moment,  as  the  result  of  being 
in  proximity  with  W.  Annealing  the  multilayers  at  high  temperatures  improves  the  crystalline  quality 
and  sharpens  the  susceptibility  peaks.  The  Curie  temperature  Tc  decreases  with  decreasing  dGd 
according  to  the  finite-size  scaling  relation  [Tc(™)~Tc(d)]/Tc(°°)=(d/d0)~k.  The  shift  exponent  A 
has  been  found  to  be  1.5±0.1  and  the  constant  d0  to  be  13  A.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)  19408-X] 


Magnetic  multilayers  with  ferromagnetic  metals  sepa¬ 
rated  by  thin  nonmagnetic  spacer  layers  have  attracted  much 
attention  recently  in  the  investigation  of  oscillatory  interlayer 
exchange  coupling,1  a  phenomenon  where  the  exchange  in¬ 
teraction  between  the  adjacent  magnetic  layers  alternates  be¬ 
tween  ferromagnetic  and  antiferromagnetic,  and  decays  with 
increasing  spacer  layer  thickness.  Multilayers  containing  ga¬ 
dolinium  (e.g.,  Gd/Y)  are  the  first  systems  in  which  the 
RKKY-like  interlayer  exchange  coupling  was  clearly 
demonstrated.2  It  has  recently  been  reported  that  the  satura¬ 
tion  magnetization  of  Gd  oscillates  as  the  intervening  W 
layer  thickness  is  varied,3  and  an  enormous  enhancement  of 
the  saturation  magnetization  has  been  claimed  in  Gd/W  mul¬ 
tilayers  at  thin  Gd  thickness.4  It  has  been  postulated  that  the 
exchange  interaction  induces  a  moment  in  the  W  layers  by 
polarizing  the  conduction  band,3  or  the  induced  moment 
comes  from  the  polarization  of  a  hybrid  band  of  Gd  and  W  4 
However,  this  does  not  seem  very  likely  since  the  amount  of 
enhancement,  in  excess  of  6 /nB  per  W  atom,  would  require  a 
complete  mixing  of  Gd  and  W  and  a  very  substantial  polar¬ 
ization  of  the  conduction  band.  Furthermore,  a  recent  photo¬ 
emission  study  of  Fe  on  Pd  has  shown  that  even  for  Pd, 
which  has  a  very  large  magnetic  susceptibility,  an  interfacial 
hybrid  state  provides  an  induced  moment  of  only  0.32^  for 
Pd  at  the  interface.5  On  the  other  hand,  when  the  magnetic 
layers  are  as  thin  as  a  few  atomic  planes,  surface  and  inter¬ 
face  effects  may  play  an  important  role  in  affecting  the  mag¬ 
netism.  Polarized  neutron  diffraction  studies  of  the  magneti¬ 
zation  profile  in  Gd/Y  have  shown  a  significant  reduction  of 
the  interfacial  Gd  moment,  which  cannot  be  explained  by 
alloying  alone.6  In  light  of  these  results,  it  is  important  to 
ascertain  the  magnetic  properties  of  thin  Gd  layers. 

We  have  prepared  Gd/W  multilayers  to  investigate  the 
thickness  dependence  of  the  magnetic  properties.  Multilayer 
films  with  uniform  layers  for  one  component  and  wedge- 
shaped  layers  for  the  other  component  have  been  made,  so 
that  samples  taken  from  different  positions  in  the  film  differ 
only  in  the  thickness  of  one  component  layer.  This  eliminates 
inconsistencies  in  material  parameters  that  might  arise  if  the 
samples  were  prepared  separately.  We  will  denote  the 
samples  as  GdjGd/W^w,  where  dGd  and  dw  are  Gd  and  W 
layer  thicknesses.  Here  we  present  results  from  two  series  of 
samples:  Gd37  xfW0_40  ^  (series  A)  and  Gd0_50  a/W26  A  ( se~ 
ries  B),  both  have  30  bilayers. 

The  Gd/W  multilayers  were  deposited  on  Si(100)  sub¬ 


strates  using  dc  magnetron  sputtering  from  99.9%  pure  solid 
Gd  and  W  targets.  The  deposition  chamber  was  evacuated  to 
1(T8  Torr  prior  to  sputtering.  Deposition  was  carried  out  in 
99.9995%  argon  atmosphere  at  4  mTorr.  A  liquid  nitrogen- 
cooled  Meissner  trap  was  used  during  sputtering.  The  sub¬ 
strates  were  at  ambient  temperature  and  the  Gd  and  W  depo¬ 
sition  rates  were  kept  at  5  A/s.  The  multilayers  were 
sandwiched  between  two  350  A  W  layers  to  protect  the  Gd 
layers  from  substrate  reaction  and  oxidation.  Some  of  the 
films  were  subsequently  annealed  in  a  high  vacuum  at 
600  °C  for  20  min,  with  a  temperature  ramping  rate  of  15  °C/ 
min,  to  improve  the  crystalline  quality  and  to  relieve  interfa¬ 
cial  strain.  Each  of  the  films,  50  mm  long  in  the  wedge 
direction,  was  cut  into  2  mm  wide  stripes  perpendicular  to 
the  wedge  direction  for  measurements.  The  area  of  each 
sample  was  determined  optically.  Because  of  the  finite  width 
of  the  samples,  the  wedge  layers  have  a  built-in  thickness 
variation  of  about  1.6  A  (series  A)  or  2  A  (series  B)  from 
edge  to  edge. 

The  structural  properties  of  the  multilayers  have  been 
characterized  using  0-2  0  x-ray  diffraction.  Figure  1  shows 


20  (degree) 


FIG.  1.  Low-angle  x-ray  diffraction  patterns  of  four  Gd/W  multilayers  an¬ 
nealed  at  600  °C  with  dGA=31  A  and  dw=  8  A  (a),  17  A  (b),  24  A  (c),  and 
30  A  (d).  Inset:  The  bilayer  thickness  A  as  a  function  of  position  for  the 
same  series  of  wedged  multilayers. 
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the  low-angle  diffraction  patterns  of  four  multilayers  with 
7Gd=37  A  and  dw=8,  17,  24,  and  30  A  from  series  A  after 
annealing  at  600  °C.  Several  orders  of  low-angle  diffraction 
peaks  are  seen,  indicating  that  the  layered  structure  remains 
intact  after  annealing.  In  fact,  Gd  and  W  are  mutually  in¬ 
soluble  at  the  equilibrium  condition,  annealing  at  high  tem¬ 
peratures  might  improve  the  interface  sharpness.  The  bilayer 
thickness  A  can  be  calculated  from  the  position  of  the  low 
angle  diffraction  peaks.  In  the  inset  of  Fig.  1,  we  plot  A  as 
the  function  of  the  position  of  the  multilayers  within  the 
series.  The  linear  relation  indicates  a  constant  thickness  gra¬ 
dient  as  intended.  The  W  thickness  gradient  from  least 
square  fit  is  0.80  A/mm,  and  the  Gd  layer  thickness  is  37  A, 
both  agree  well  with  the  designed  values.  In  the  B  series ,  the 
Gd  layer  thickness  gradient  as  1.06  A/mm  and  dw=26  A. 
The  good  agreement  between  the  measured  and  designed 
thicknesses  and  the  linearity  of  the  wedge  layer  profile  have 
allowed  us  to  determine  the  layer  thicknesses  in  each  sample 
accurately.  This  is  of  crucial  importance  if  magnetization  and 
magnetic  moments  are  to  be  determined. 

High-angle  x-ray  diffraction  patterns  indicate  that  W  lay¬ 
ers  are  (110)  textured.  We  did  not  observe  any  gadolinium 
oxide  phase.  The  Gd  layers  in  the  as-deposited  sample  are 
mostly  (002)  oriented,  with  a  low  and  broad  (101)  contribu¬ 
tion  that  is  almost  indistinguishable  from  the  background. 
Upon  annealing  at  600  °C,  the  (002)  peak  grows  sharper  and 
significantly  higher  in  intensity,  indicating  an  increase  in  Gd 
crystallite  size  and  relief  of  interfacial  strain.  The  absence  of 
high-angle  satellite  peaks  suggests  that  although  the  samples 
have  a  very  well-defined  layered  structure,  they  are  not  struc¬ 
turally  coherent.  Annealing  at  high  temperatures  improves 
the  crystallinity  of  the  Gd  layers.  As  will  be  seen  later,  this 
has  great  ramifications  on  the  magnetic  properties  of  the 
multilayers. 

The  dc  magnetization  and  ac  susceptibility  of  the  multi¬ 
layers  have  been  measured  using  a  Quantum  Design  SQUID 
magnetometer,  which  has  been  calibrated  against  a  platinum 
reference  issued  by  NBS.  It  has  been  reported  that  in  Gd/Y 
supperlattices,  the  interfacial  Gd  moments  do  not  order  fer- 
romagnetically,  and  the  magnetization  shows  a  linear  rise 
with  the  applied  field  when  measured  at  25  K  and  relatively 
low  fields  (15  kOe)  due  to  the  paramagnetic  Gd  moments  at 
the  interface.7,8  Since  the  Brillouin  function  for  paramagnetic 
Gd  moments  (7=7/2)  reaches  99.5%  saturation  at  an  HIT  of 
3  T/K,  we  have  measured  the  dc  magnetization  of  the  mul¬ 
tilayers  at  1.7  K,  so  that  the  magnetization  at  5  T  can  be  used 
to  approximate  the  saturation  magnetization.  We  have  also 
measured  at  1.7  K  the  susceptibilities  of  W  metal  and  the  Si 
substrate  used.  From  the  known  thicknesses  of  the  layers  and 
the  sample  area,  the  magnetization  of  Gd  can  be  calculated 
after  correcting  the  measured  total  magnetic  moment  from 
the  paramagnetic  contribution  of  W  and  the  diamagnetic  con¬ 
tribution  of  Si. 

The  as-deposited  samples  are  quite  difficult  to  saturate 
even  at  1.7  K  with  an  in-plane  field,  similar  to  what  has  been 
observed  in  Ref.  4.  However,  after  annealing  at  600  °C,  the 
hysteresis  loops  become  more  square,  especially  for  samples 
with  thicker  Gd  layers.  All  samples  with  dGd^9  A  have  non¬ 
zero  remanence  and  coercivity,  indicating  ferromagnetic  or- 


FIG.  2.  The  Gd  Magnetization  curves  at  1.7  K  for  annealed  Gd32  a/W26  A 
with  the  field  applied  parallel  and  perpendicular  to  the  sample  plane.  Inset: 
Magnetization  of  Gd  for  multilayers  with  8.7,  13,  17,  and  40  A  Gd  layers. 

dering.  Figure  2  shows  the  M-H  curves  of  the  sample 
Gd32  A^26  A>  with  the  applied  field  parallel  and  perpendicu¬ 
lar  to  the  sample  plane.  In  an  ideal  thin  film,  the  parallel  and 
perpendicular  saturation  fields  differ  by  Hk=4ttMs  due  to 
the  shape  anisotropy.  As  seen  in  Fig.  3,  the  saturation  mag¬ 
netization  is  1900  emu/cm3  and  the  difference  in  saturation 
fields  is  about  23  kOe.  The  fact  that  the  demagnetization 
factor  is  to  a  good  approximation  equal  to  477  confirms  that 
the  layered  structure  is  preserved  during  annealing.  However, 
the  saturation  magnetization  is  slightly  less  than  the  Gd  bulk 
magnetization  of  2060  emu/cm3.  In  fact,  in  the  thickness 
range  studied  (dG6^ 50  A),  none  of  the  samples  reaches  the 
bulk  Gd  saturation  magnetization,  as  shown  in  the  inset  of 
Fig.  2  for  multilayers  with  dGd”8.7,  13,  17,  and  40  A  mea¬ 
sured  at  1.7  K.  As  the  Gd  thickness  is  decreased,  the  Gd 
saturation  magnetization  decreases.  This  feature  becomes 
more  evident  in  Fig.  3,  where  we  plot  the  Gd  saturation 
magnetization  (Ms)  as  a  function  of  inverse  Gd  layer  thick¬ 
ness  (1  /dGd).  The  data  points  in  Fig.  3  can  be  fitted  to  a  linear 
relation: 

Ms=  2017  —  21 12  X  f  -j— ) .  (1) 

\ d  Gd/ 


FIG.  3.  Saturation  magnetization  of  Gd  (Afs)  as  a  function  of  inverse  Gd 
layer  thickness  (VdGd)  for  a  series  of  annealed  multilayers.  The  dotted  line 
represent  the  bulk  Gd  magnetization. 
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In  an  approach  similar  to  that  used  by  Kwo  et  al. ,7  we  model 
this  behavior  by  assuming  that  two  interfacial  regions  of 
thickness  t  in  the  Gd  layers  have  a  reduced  magnetization  of 
M\  whereas  the  interior  of  the  Gd  layers  retains  the  bulk 
magnetization  Mbulk.  The  Gd  saturation  magnetization  Ms 
can  then  be  expressed  as 

I  2t\  ,  2 1 

Ms=MbJ  1--T-  +M' — .  (2) 

\  "Gd  /  "Gd 

Comparing  Eq.  (2)  with  Eq.  (1)  gives  Mbulk=2017  emu/cm3, 
which  is  only  about  2%  less  than  the  bulk  value,  and  is 
within  experimental  error.  Polarized  neutron  diffraction  stud¬ 
ies  of  the  magnetization  profile  in  Gd/Y  indicate  that  two 
atomic  layers  of  Gd  have  reduced  moments,6  and  since  the 
Gd  layers  here  are  mostly  (002)  oriented,  we  assume  t^c 
=  5.78  A.  This  gives  an  M'  of  1834  emu/cm3,  i.e.,  the  inter¬ 
facial  Gd  atoms  have  lost  about  9%  of  their  moment.  The 
bulk  saturation  moment  of  Gd  is  1.63/ulb  per  atom,  of  which 
7  juB  comes  from  the  localized  4/  core,  and  the  excess  mo¬ 
ments  of  0.63 fiB  represents  the  polarization  of  the  conduc¬ 
tion  electrons.  The  9%  reduction  in  magnetization  suggests 
that  the  conduction  electrons  of  the  interfacial  Gd  atoms  pos¬ 
sibly  lose  the  polarization  as  the  result  of  their  local  environ¬ 
ment. 

Magnetization  measurements  on  sample  series  A  with 
fixed  <iGd=37  A  but  varying  rfw(0-40  A)  did  not  show  evi- 
dence  of  antiferromagnetic  exchange  coupling.  The  Gd  lay¬ 
ers  behave  independently,  and  the  Gd  saturation  magnetiza¬ 
tion  is  constant  with  no  indication  oscillation,  contrary  to 
what  has  been  reported.3 

In  thin  magnetic  films,  the  surface  energy  contribution 
causes  the  decreasing  of  the  ordering  temperature.  Finite-size 
scaling  theory  predicts  that  the  Curie  temperature  Tc  of  mag¬ 
netic  films  will  decrease  from  the  bulk  value  Tc(<x>)  with 
decreasing  thickness  d ,  following  a  power  law:  [rc(°°) 
-  Tc(d)]/Tc(°°)  =  ( dld0)~k ,  where  d0  is  a  characteristic 
length  scale  and  X  is  the  shift  exponent.9  In  the  ideal  case, 
the  susceptibility  in  a  second-order  phase  transition  diverges 
at  the  critical  temperature  as  the  coherence  length  diverges. 
However,  it  has  been  pointed  out  that  a  number  of  factors, 
such  as  dislocations,  lattice  defects,  and  locally  varying 
strains  restrict  the  divergence  of  coherence  length  at  Tc ,  and 
this  cluster-size  effect  influences  the  ordering  temperature.10 
The  ferromagnetic  ordering  in  a  real  sample  shows  up  as  a 
peak  in  the  temperature  dependence  of  the  susceptibility,  and 
the  Curie  temperature  can  be  determined  from  the  suscepti¬ 
bility  peak  position. 

To  study  the  finite-size  effect  on  the  ferromagnetic  or¬ 
dering  temperature  of  Gd/W  multilayers,  we  have  measured 
the  AC  susceptibility  as  a  function  of  the  temperature  for 
multilayers  with  different  dGd.  The  low  excitation  filed  (0.5 
Oe  in  amplitude  and  11  Hz)  lies  in  the  film  plane.  The  inset 
of  Fig.  4  shows  the  temperature  dependence  of  the  suscepti¬ 
bility  of  the  as-deposited  and  annealed  Gd40  A^26  A 
samples.  The  as-deposited  film  has  a  low  Curie-Weiss  sus¬ 
ceptibility  peak  at  200  K,  while  for  the  annealed  sample  the 
susceptibility  peak  increases  by  a  factor  of  4,  and  is  shifted  to 


dGd  <A> 


FIG.  4.  Curie  temperature  as  a  function  of  the  Gd  layer  thickness  for  a  series 
of  multilayers  with  dw=26  A  annealed  at  600  °C.  The  solid  curve  is  a  fit  to 
the  finite-size  scaling  law.  Inset:  Temperature  dependence  of  the  AC  suscep¬ 
tibility  (in  cgs  units)  of  the  as-deposited  and  annealed  Gd40  aAV 26  a 
samples. 


235  K.  This  is  a  clear  demonstration  that  ferromagnetic  or¬ 
dering  depends  sensitively  on  the  crystalline  quality.  We 
have  determined  the  Curie  temperatures  from  the  position  of 
the  susceptibility  peaks  for  a  series  of  multilayers.  In  Fig.  4 
we  plot  Tc  of  the  annealed  multilayers  as  a  function  of  Gd 
layer  thickness.  It  is  seen  that  the  Curie  temperature  de¬ 
creases  as  the  thickness  of  the  Gd  layer  is  reduced,  and  the 
multilayer  films  order  ferromagnetically  down  to  a  Gd  thick¬ 
ness  of  9  A.  A  similar  behavior  has  also  been  observed  in 
Gd/Nb  multilayers.11  Fitting  the  results  at  large  Gd  thick¬ 
nesses  with  the  scaling  relation  gives  the  shift  exponent 
X= 1.5  ±0.1  and  d0  =  13  A.  It  has  been  shown  that  the  shift 
exponent  X  is  the  inverse  of  the  correlation  length  k12,13 
Renormalization  group  calculations  indicate  ^=0.687,  and 
thus  X=  1.456.  Our  result  is  in  agreement  with  the  expecta¬ 
tion  of  scaling  theory. 

This  work  has  been  supported  by  National  Science 
Foundation  Grant  No.  DMR-9501195. 
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Magnetism  and  structure  of  ultrathin  fee  films 

on  Cu(001)  (abstract) 

A.  Dittschar,  M.  Zharnikov,  W.  Kuch,  C.  M.  Schneider,  and  J.  Kirschner 

Max-Planck-Institut  fur  Mikrostrukturphysik,  Weinberg  2,  D-061 20  Halle,  Germany 

Ultrathin  films  of  3^-transition  metal  alloys,  and  in  particular  FeCo  alloys,  currently  receive 
considerable  interest  because  of  their  potential  technological  application  and  the  possibility  to  adjust 
magnetic  properties  via  the  variation  of  composition  and  structure.  To  study  magnetic  and  structural 
properties  of  the  otherwise  unstable  fee  phase  of  FeCo,  this  structural  phase  was  stabilized  by 
epitaxial  growth  on  Cu(001).  Ultrathin  Fe^Coj^  films  were  deposited  at  room  temperature  by 
coevaporation  from  two  separate  Knudsen  cells,  operated  under  stabilized  conditions.  The  film 
thickness  was  varied  between  2  and  9  monolayers  (ML)  and  the  Fe  concentration  between  x==0.2 
and  x=0.95.  The  growth  process  was  monitored  by  medium  energy  electron  diffraction  (MEED). 
Auger  electron  spectroscopy  and  low  energy  electron  diffraction  (LEED)  were  employed  to  analyze 
the  composition  and  structure  of  the  films.  A  nearly  perfect  layer-by-layer  growth  up  to  at  least  9 
ML,  as  seen  by  MEED,  is  encountered  for  jc^O.7.  For  higher  Fe  concentrations  and  thicknesses 
greater  than  4  ML,  deviations  from  the  layer-by-layer  growth  are  observed,  indicating  a  structural 
rearrangement.  LEED-I(V)  curves  reveal  the  coexistence  of  two  structural  phases  with  different 
interlayer  spacings,  the  relative  amount  of  which  depends  on  the  composition.  Magnetic  properties 
were  characterized  by  the  magneto-optical  Kerr  effect  (MOKE).  The  remanent  magnetization  was 
found  to  lie  within  the  film  plane  over  the  whole  range  of  thicknesses  and  concentrations 
investigated.  A  linear  increase  of  the  Kerr  signal  at  saturation  magnetization  with  increasing 
thickness  indicates  that  practically  the  whole  film  is  magnetic.  As  a  function  of  composition,  the 
saturation  Kerr  signal  develops  continuously  with  increasing  Fe  content.  This  suggests  that  in  fee 
FeCo  alloys  the  contribution  of  Fe  and  Co  to  the  total  magnetic  moment  is  nearly  constant  over  the 
whole  compositional  range.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)42908-5] 
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Magnetization  reversal  properties  near  the  reorientation  phase  transition 
of  ultrathin  Fe/Ag(100)  films 

A.  Berger^  and  H.  Hopster 

Department  of  Physics  and  Institute  for  Surface  and  Interface  Science ,  University  of  California,  Irvine, 

California  92717 

We  have  measured  the  magnetization  reversal  properties  of  ultrathin  Fe/Ag(100)  films  in  the  vicinity 
of  the  reorientation  phase  transition  using  the  magneto-optical  Kerr  effect.  Near  the  reorientation 
temperature  Tr ,  we  observe  a  characteristic  change  in  the  perpendicular  magnetization  curves 
M(H)  from  a  strongly  nonlinear  behavior  for  T<Tr  to  a  simple  linear  field  dependence  above  Tr . 

The  experimental  observations  are  discussed  within  the  context  of  the  expected 
temperature-dependent  magnetization  structure  and  the  corresponding  magnetization  reversal 
processes.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)19508-6] 


I.  INTRODUCTION 

Ultrathin  ferromagnetic  films  have  been  found  to  exhibit 
a  much  stronger  magnetocrystalline  anisotropy  than  their 
bulk  counterparts  due  to  the  broken  crystallographic  symme¬ 
try  at  the  surface.1  The  magnetocrystalline  anisotropy  can 
even  be  sufficient  to  overcome  the  demagnetizing  field  and 
align  the  magnetization  perpendicular  to  the  surface.1  For 
films  in  which  the  magnetocrystalline  and  dipolar  self-energy 
are  of  comparable  size,  the  so-called  reorientation  phase 
transition  (RPT)  can  be  observed  as  a  function  of  film  thick¬ 
ness  or  temperature.2  The  occurrence  of  this  phase  transition 
is  caused  by  the  different  thickness  or  temperature  depen¬ 
dence  of  these  two  competing  energies.  Both  the  temperature 
as  well  as  the  thickness-dependent  reorientation  transition 
have  attracted  a  large  amount  of  attention  lately.3  From  an 
experimental  point  of  view,  the  investigation  of  the  tempera¬ 
ture  effect  has  the  advantage  of  being  measured  on  one  par¬ 
ticular  sample,  whereas  thickness-dependent  studies  have  to 
be  performed  on  a  series  of  samples.  Thus,  these  samples  are 
not  necessarily  comparable  with  regard  to  film  morphology, 
etc.,  and  we  focus  on  the  temperature-dependent  RPT  hence¬ 
forth. 

The  temperature-dependent  reorientation  transition  is 
characterized  by  two  major  experimental  observations,  as 
shown  in  Fig.  1.  With  increasing  temperature,  one  first  ob¬ 
serves  that  the  remanent  out-of-plane  magnetization  is  van¬ 
ishing  at  a  characteristic  temperature  T*f  with  no  in-plane 
magnetization  found  yet.  At  temperatures  T>  Tr  with  Tr  sig¬ 
nificantly  larger  than  T*,  an  in-plane  magnetization  occurs 
and  increases  strongly  in  a  narrow  temperature  range,  above 
which  it  saturates.  Thus,  for  an  intermediate  temperature 
range  T*<T<Tr ,  no  remanent  magnetization  can  be  ob¬ 
served. 

Performing  microscopic  studies,  Allenspach  et  al 4  have 
been  able  to  confirm  that  samples  exhibit  a  multidomain  state 
with  alternating  (see  the  inset  in  Fig.  1)  out-of-plane  domain 
magnetization  in  this  intermediate  temperature  region.  The 
domain  state  reduces  the  dipolar  energy  and  therefore  repre¬ 
sents  the  lowest-energy  state  for  films  with  an  out-of-plane 
magnetization.  In  a  recent  study,  we  have  been  able  to  dem- 


a)Present  address:  Department  of  Physics,  University  of  California — 
San  Diego,  La  Jolla,  California  92093-0319. 


onstrate  that  the  occurrence  of  the  remanent  out-of-plane 
magnetization  at  low  temperatures  is  actually  a  nonequilib¬ 
rium  effect,  caused  by  the  activation  energy  necessary  to 
initially  form  domains.5  Thus,  the  occurrence  of  the  in-plane 
magnetization  marks  the  real  reorientation  transition. 

II.  EXPERIMENT 

In  this  paper,  we  investigate  the  characteristics  of  per¬ 
pendicular  magnetization  curves  M(H)  in  the  vicinity  of  the 
reorientation  transition  at  Tr .  For  this  purpose,  we  performed 
magneto-optical  Kerr  effect  (MOKE)  measurements  for  Fe/ 
Ag(100)  films  with  a  thickness  of  approximately  four  mono- 
layers,  which  exhibit  a  reorientation  transition  in  an  easily 
accessible  temperature  range  of  Tr=  200-400  K.  Similar  to 
the  results  of  previous  experimental  investigations,  we  ob¬ 
serve  that  Tr  decreases  strongly  with  increasing  thickness.6 
The  complete  experiment,  i.e.,  film  preparation  and  magnetic 
characterization,  were  done  under  ultrahigh  vacuum  condi¬ 
tions.  The  Fe  films  were  grown  by  evaporation  from  an 
e-beam  evaporator  onto  a  clean  and  well  annealed  Ag(100) 


4.3  ML  Fe/Ag(l  00) 


FIG.  1.  Temperature-dependent  magnetization  in  remanence  for  a  4.3  ML 
Fe/Ag(100)  film  (solid  line:  out  of  plane;  circles:  in  plane);  the  thin  solid 
line  represents  M  =  0  for  both  quantities.  The  corresponding  magnetization 
states  are  illustrated. 
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3.8  ML  Fe/Ag(1 00) 


FIG.  2.  Field-dependent  out-of-plane  magnetization  curves  M(H),  mea¬ 
sured  for  a  3.8  ML  Fe/Ag(100)  film  (temperatures  T  as  indicated):  original 
M(H) — data  (left);  dMldH— values  (right). 

substrate,  held  at  room  temperature.  The  growth  rate  was 
chosen  to  be  approximately  one  monolayer  per  minute  and 
was  controlled  in  situ  by  a  quartz  monitor.  After  deposition, 
the  films  were  heated  to  440  K  for  30  mins,  which  improved 
the  sharpness  of  the  LEED  spots  significantly,  as  previously 
demonstrated  by  Qiu  et  ai6  Using  two  sets  of  coreless  coils 
and  a  conventional  MOKE  setup,7  we  were  able  to  measure 
the  in-plane  as  well  as  out-of-plane  magnetization. 

III.  RESULTS  AND  DISCUSSION 

Figure  2  shows  a  set  of  perpendicular  magnetization 
curves  for  a  3.8  monolayer  Fe/Ag(100)  film,  measured  at 
various  temperatures  in  the  vicinity  of  the  reorientation  tran¬ 
sition  temperature  Tr=370±10  K,  which  has  been  deter¬ 
mined  by  measurements  of  the  in-plane  magnetization.  As 
one  can  easily  see  from  the  data  in  Fig.  2,  there  is  a  quite 
extended  temperature  range  in  which  no  hysteresis  effect  is 
observed  for  the  out-of-plane  magnetization  curves.  There¬ 
fore,  these  curves  can  actually  be  compared  to  theoretical 
predictions  derived  from  a  thermodynamic  treatment  of  the 
RPT  phenomenon.  For  T<316  K,  hysteresis  effects  occur 
due  to  the  increasing  significance  of  activation  barrier  lim¬ 
ited  processes,  which  eventually  result  in  a  metastable  rem¬ 
anent  out-of-plane  magnetization  at  low  temperatures.5  It  is 
obvious  from  Fig.  2  that  the  remanent  magnetization  is  zero 
in  the  entire  temperature  range  shown,  but  a  very  small  mag¬ 
netic  field  in  the  10  Oe  range  is  sufficient  to  fully  saturate  the 


sample.  This  observation  is  in  excellent  agreement  with  pre¬ 
dictions  for  the  multidomain  state  with  domain  magnetiza¬ 
tion  perpendicular  to  the  surface.8  The  reason  for  such  a 
small  value  of  the  critical  field  HCI  at  which  saturation  occurs 
is  the  fact  that  the  energy  gain  of  a  multidomain  structure  is 
very  small  in  ultrathin  films.9  Thus,  a  small  external  field 
already  destabilizes  the  domain  structure  and  produces  a 
saturated  single  domain  state.  Furthermore,  one  can  see  from 
the  curves  in  Fig.  2  that  the  critical  field  HCT  for  the  phase 
transition  between  the  multidomain,  and  the  single  domain 
state  is  decreasing  with  decreasing  temperature.  This  is  also 
consistent  with  theoretical  predictions,  because  at  lower  tem¬ 
peratures  one  expects  an  enhanced  effective  anisotropy, 
which  corresponds  to  a  reduced  energy  gain  by  domain 
formation.9  Therefore,  at  lower  temperatures  an  even  smaller 
critical  field  Hcr  is  already  sufficient  to  produce  the  saturated 
single  domain  state. 

On  evaluation  of  the  detailed  shape  of  the  M(H)  curves 
in  Fig.  2,  one  finds  that  the  transition  region  between  positive 
and  negative  saturation  is  not  simply  a  straight  line  but  has 
some  curvature,  at  least  for  the  low-temperature  curves.  To 
visualize  this  nonlinearity,  we  have  determined  the  derivative 
dMfdH  from  our  M(H)  data,  which  is  shown  in  Fig.  2  as 
well.  For  low  temperatures,  the  dMldH  curves  exhibit  a 
double  peak  structure  in  the  magnetization  reversal  region; 
i.e.,  the  susceptibility  dM/dH  has  a  strongly  enhanced  value 
at  the  critical  field  Hcr ,  where  the  system  undergoes  the 
phase  transition  to  the  saturated  out-of-plane  state.  As  the 
temperature  increases,  the  peak  structure  at  Hcr  decreases 
gradually  and  cannot  be  observed  anymore  for  temperatures 

363  K.  In  this  high- temperature  range  only  a  steplike 
structure  is  found.  These  measurements  of  M(H)  clearly 
demonstrate  that  the  magnetization  reversal  process  under¬ 
goes  a  qualitative  change  in  the  vicinity  of  Tr ,  which  should 
be  associated  with  the  observed  reorientation  phase  transition 
itself.  To  discuss  these  magnetization  reversal  properties  in 
more  detail,  we  compare  our  experimental  data  to  the  avail¬ 
able  theoretical  models.  Figure  3  shows  the  essential  features 
for  the  magnetization  states  and  magnetization  reversal  that 
one  expects  in  the  vicinity  of  Tr .  For  temperatures  above  Tr , 
the  film  is  in  a  single  domain  state  with  in-plane  magnetiza¬ 
tion.  Under  the  assumption  that  an  applied  field  (perpendicu¬ 
lar  to  the  surface)  preserves  the  existence  of  a  uniform  state, 
one  expects  the  out-of-plane  magnetization  to  linearly  in¬ 
crease  with  the  applied  field  strength  up  to  the  critical  field 
Hcr ,  where  the  magnetization  is  saturated.  Thus,  the  suscep¬ 
tibility  dMldH  should  simply  follow  a  steplike  structure,  as 
shown  in  Fig.  3.  For  temperatures  below  Tr ,  the  magnetiza¬ 
tion  behavior  is  very  different.  Due  to  the  existing  domain 
structure,  the  sample  contains  domains  in  which  the  magne¬ 
tization  is  already  aligned  along  the  magnetic  field  direction. 
Thus,  the  magnetization  reversal  is  associated  with  domain 
growth  or  domain  wall  displacement  processes,  which  is  fun¬ 
damentally  different  from  the  rotation  process  occurring  at 
higher  temperatures  T>  Tr .  So,  it  is  not  surprising  that  the 
M(H)  characteristic  is  very  different  for  this  domain  state, 
resulting  in  a  pronounced  nonlinear  behavior  of  the  M(H) 
curve.  Kashuba  et  al  have  evaluated  the  M(H)  behavior  be- 
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FIG.  3.  Schematic  of  the  expected  magnetization  states  and  the  correspond¬ 
ing  magnetization  reversal  properties  in  the  vicinity  of  the  reorientation 
phase  transition. 

low  Tr  for  a  simple  stripe  domain  structure.8  In  their  calcu¬ 
lation  they  derived 

2  l  H\ 

M{H)=—MS  arcsin  — 

^  \  **cr/ 

for  the  magnetization  reversal  region,  resulting  in  a  singular¬ 
ity  of  the  susceptibility  at  the  critical  field  HCT  (see  Fig.  3). 
Thus,  our  measurements  show  exactly  the  features  one  ex¬ 
pects  for  the  magnetization  reversal  in  the  vicinity  of  the 
reorientation  transition,  namely,  a  linear  M(H)  dependency 
for  T>Tr  corresponding  to  a  uniform  rotation  of  the  film 
magnetization,  and  a  nonlinear  M(H)  behavior  associated 
with  a  domain  structure  and  domain  wall  displacement  pro¬ 
cesses  for  T<  Tr .  Therefore,  our  results  do  not  only  repre¬ 
sent  a  study  of  the  reversal  process  in  the  vicinity  of  the  RPT, 
but  they  also  confirm  the  existence  of  an  equilibrium  domain 
structure  for  T<  Tr .  But,  even  though  the  measurements  ex¬ 
hibit  the  most  essential  features  one  expects  in  the  vicinity  of 
Tr ,  there  are  also  some  discrepancies  between  our  measure¬ 
ments  and  the  present  theoretical  description.  First,  calcula¬ 


tions  predict  that  very  close  to  Tr ,  the  critical  field  Hcr 
should  decrease  again  with  increasing  temperature.10  We  do 
not  observe  this  behavior.  All  our  measurements  show  only  a 
monotonic  increase  of  HCI  with  temperature.  Second,  we  ob¬ 
serve  a  gradual  decrease  of  the  peak  height  in  the  dMIdH 
data  with  temperature,  which  is  also  not  expected  within  the 
available  theoretical  description.  To  our  understanding,  these 
discrepancies  are  caused  by  the  fact  that  the  theoretical 
model  describing  the  magnetization  reversal  is  restricted  to  a 
perpendicular  magnetization  direction  within  the  domains, 
independent  of  the  temperature.8  It  has  been  shown  that  the 
total  energy  of  a  stripe  domain  structure  can  actually  be  re¬ 
duced  by  an  inclined  domain  magnetization  near  the  RPT.9 
Thus,  one  expects  the  magnetization  state  to  show  a  gradual 
transition  from  an  out-of-plane  domain  state  to  an  in-plane 
uniform  state.  In  this  case,  one  would  also  expect  that  the 
magnetization  reversal  process  gradually  changes  from  a 
pure  domain  wall  displacement  to  a  pure  magnetization  ro¬ 
tation,  producing  the  gradual  alteration  of  the  M(H)  and 
dM/dH  characteristics  we  have  found  in  our  experiments. 
The  observed  discrepancies  also  imply  that  recent  evalua¬ 
tions  of  the  phase  diagram  in  the  immediate  vicinity  of  Tr  are 
insufficient  because  they  do  not  include  the  possibility  of  a 
gradual  change  in  the  domain  magnetization  direction.10 
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Structure  and  magnetism  in  fee  magnetic  transition  metals  on  (001) 
diamond  (abstract) 

J.  A.  Wolf,a)J.  J.  Krebs,  Y.  U.  Idzerda,  G.  A.  Prinz,  and  K.  M.  Kemnera) 

Naval  Research  Laboratory \  Washington,  DC  20375 

We  have  prepared  single  crystal  face  centered  cubic  (fee)  magnetic  transition  metal  films  (Co,Ni,Fe) 
on  (001)  diamonds,  the  thickness  of  the  films  varying  between  a  few  tenths  of  a  nanometer  to  over 
100  nm.  The  crystalline  quality  and  fourfold  symmetry  of  these  layers  was  monitored  in  situ  during 
the  film  growth  with  RHEED  and  a  chemical  analysis  was  performed  using  Auger  spectroscopy.  In 
addition,  the  structure  of  the  samples  was  investigated  ex  situ  using  X-ray  diffraction  and  EXAFS, 
demonstrating  the  single  crystal,  fee  (001)  structure  throughout  each  entire  film.  The  magnetic 
characterization  was  performed  with  Ferromagnetic  Resonance  (FMR)  and  Superconducting 
Quantum  Interference  Device  (SQUID)  hysteresis  loops.  The  saturation  magnetization  of  the  Co 
films  is  only  slightly  lower  than  the  literature  values.  The  coercive  fields  are  very  small  (~25  Oe) 
and  the  magnetization  reversal  very  sharp.  The  FMR  yielded  a  fourfold  anisotropy  comparable  to 
literature  values.  The  observation  of  the  first  standing  spinwaves  underlines  the  good  quality.  The  Ni 
films  are  tetragonally  distorted  due  to  the  1.2%  mismatch.  The  FMR  data  indicate  a  significant 
perpendicular  anisotropy  slightly  smaller  than  AttM,  the  fourfold  in-plane  anisotropy  being 
comparable  to  the  bulk  value.  The  saturation  magnetization  is  reduced  by  30%  compared  to  bulk 
values,  probably  due  to  nickel-carbide  which  was  observed  in  the  XRD  data  from  some  samples. 
Neither  the  in-plane  (110)  nor  the  in-plane  (100)  axis  show  an  easy  axis  behavior  and  both  require 
fields  in  excess  of  6000  Oe  to  saturate,  the  coercive  fields  being  about  200  Oe.  The  RHEED  patterns 
of  the  Fe  films  show  single  crystal  growth  with  a  lattice  constant  comparable  to  diamond,  indicating 
an  fee  structure.  A  similar  structural  and  magnetic  characterization  of  these  films  will  also  be 
presented.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)43008-9] 
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Anomalous  perpendicular  magnetism  in  Ni/Cu(001)  films  and  the  effects 
of  capping  layers 
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X-ray  magnetic  circular  dichroism  (XMCD)  measurements  on  wedges  of  Ni  grown  on  Cu(001)  are 
used  to  investigate  magnetic  properties  in  Ni/Cu(001)  ultrathin  films.  A  sharp  transition  from 
in-plane  to  perpendicular  magnetization  is  found  near  7  ML,  and  a  gradual  transition  back  to 
in-plane  magnetization  begins  near  37  ML.  The  critical  thickness  for  epitaxial  growth,  13  ML,  is 
determined  from  a  rapid  rise  in  the  coercive  field  versus  film  thickness.  Both  transitions  in  the 
direction  of  easy  axis  are  well  explained  by  considering  the  effects  of  the  surface,  shape,  and  the 
strain-induced  magnetoelastic  anisotropies.  The  critical  layer  thickness  of  13  ML  plays  a  critical  role 
in  understanding  the  transition  near  37  ML.  Capping  the  Ni  wedge  with  2  ML  of  Co  increases  the 
magnitude  of  the  surface  anisotropy,  forcing  the  magnetization  to  remain  in  plane  for  thickness  up 
to  at  least  18  ML.  Addition  of  an  Fe  capping  layer  has  no  effect  on  the  direction  of  magnetization, 
suggesting  the  importance  of  interface  anisotropies  or  intermixing.  ©  1996  American  Institute  of 
Physics .  [S002 1  -8979(96)  19608-2] 


Ultrathin  films  and  multilayers  possessing  easy  axes  of 
magnetization  perpendicular  to  the  surface  have  recently  at¬ 
tracted  much  interest1"4  due  to  their  potential  advantages  in 
magneto-optical  recording.  The  existence  of  perpendicular 
magnetization  is  determined  by  the  combined  effects  of  all 
the  magnetic  anisotropies  present.  These  anisotropies  include 
shape,  surface,  interface,  and  crystalline  anisotropies,  strain- 
induced  magnetoelastic  anisotropy,  and  anisotropies  due  to 
roughness  and  atomic  mixing  at  the  interfaces.  An  important 
goal  in  the  research  on  these  thin  films  and  multilayers  is  to 
understand  which  anisotropies  are  important  in  determining 
the  easy  axes  of  magnetism. 

In  the  past  few  years  a  number  of  studies  have  been 
performed  on  the  magnetism  of  Ni/Cu(001)  thin  films.1-3 
Ni/Cu(001)  films  show  a  transition  from  in-plane  magnetiza¬ 
tion  to  perpendicular  magnetization  as  the  film  thickness  in¬ 
creases.  This  unusual  behavior  is  opposite  to  what  would  be 
predicted  by  the  effects  of  a  surface  anisotropy  by  itself. 
Schulz  and  Baberschke,2  using  FMR,  showed  that  the  un¬ 
usual  magnetic  behavior  of  Ni/Cu(001)  could  be  explained 
by  the  competition  between  a  negative  surface/interface  an¬ 
isotropy  and  a  uniaxial  magnetoelastic  volume  anisotropy 
due  to  the  strain  caused  by  psuedomorophic  growth.  For 
films  less  than  ~7  ML  thick  the  surface  anisotropy  domi¬ 
nates  and  the  films  have  an  in-plane  easy  axis  of  magnetiza¬ 
tion.  Films  thicker  than  ~7  ML  have  an  easy  axis  of  mag¬ 
netization  perpendicular  to  the  surface  due  to  the  volume 
effect  of  the  magnetoelastic  anisotropy,  which  favors  perpen¬ 
dicular  magnetization. 

In  this  paper  we  discuss  the  results  of  experiments  de¬ 
signed  to  more  fully  understand  the  magnetic  anisotropies  in 
Ni/Cu(001)  thin  films.  The  experiments  were  performed  on 
the  10  m  TGM  beamline  located  at  the  Synchrotron  Radia¬ 
tion  Center,  Stoughton,  WI.  All  magnetic  measurements 


were  made  using  x-ray  magnetic  circular  dichroism 
(XMCD),  which  gives  element  specific  magnetic  informa¬ 
tion.  Details  of  the  XMCD  measurements  are  published 
separately.5  Measurements  were  made  at  room  temperature 
on  Ni  wedges  grown  on  a  clean  Cu(001)  single  crystal  at  a 
base  of  2X10-10  Torr.  The  pressure  during  film  growth  was 
8X  10~10  Torr.  Five  different  wedges,  with  overlapping  thick¬ 
ness  ranges  were  used  in  this  study. 

Hysteresis  curves  obtained  for  different  Ni  thicknesses 
are  shown  in  Fig.  1  for  magnetization  applied  perpendicular 
to  the  sample  surface.  The  curves  were  obtained  by  setting 
the  photon  energy  to  the  Ni  L3  absorption  maximum  and 
sweeping  the  magnetic  field.  The  height  of  the  loops  are 
normalized  to  the  total  Ni  L3  cross  section  and  are  propor- 


FIG.  1.  Hysteresis  curves  for  different  Ni  film  thicknesses  from  Ni/Cu(001) 
wedges.  The  magnetic  field  was  applied  perpendicular  to  the  film  surface. 
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Ni  thickness  (ML) 

FIG.  2.  Coercive  field  (top)  and  normalized  remanent  dichroism  intensity 
(bottom)  vs  thickness  across  Ni/Cu(001)  wedges.  There  is  sharp  transition 
from  an  in-plane  to  perpendicular  easy  axis  of  magnetization  at  7  ML  and  a 
gradual  transition  from  a  perpendicular  to  an  in-plane  easy  axis  of  magne¬ 
tization  beginning  near  37  ML.  Note  the  sharp  increase  in  Hc  beginning  near 
13  ML. 


tional  to  the  average  magnetization  per  Ni  atom.  In  Fig.  2(a) 
the  coercive  field,  Hc ,  is  plotted  versus  film  thickness.  Hc 
increases  rapidly  beginning  near  13  ML,  and  reaches  a  con¬ 
stant  value  of -190  Oe  near  24  ML.  In  Fig.  2(b)  the  normal¬ 
ized  dichroism  intensity  is  plotted  versus  film  thickness.  Be¬ 
low  7  ML  the  easy  axis  of  magnetization  is  in  plane,  between 
7  and  36  ML  the  easy  axis  of  magnetization  is  perpendicular 
to  the  surface,  for  thicknesses  greater  than  37  ML  the  film 
could  be  magnetized  both  in  plane  and  perpendicular  to  the 
surface. 

Following  Schulz  and  Baberschke,2  the  easy  axis  of 
magnetization  for  Ni/Cu(001)  is  determined  by  the  surface, 
interface,  and  magnetoelastic  anisotropies.  Perpendicular 
magnetization  in  the  Ni/Cu(001)  films  will  result  when 

-Ks-Ki 

/sTME>- - 2 - +  27rM  ’ 

where  XME ,  Ks ,  and  are  the  magnetoelastic,  surface  and 
interface  anisotropy  constants,  respectively,  d  is  the  film 
thickness,  and  M  is  the  magnetization.  The  use  of  (1)  is 
complicated  due  to  the  dependence  of  Tc  on  film  thickness 
and  of  M  on  TCIT.  At  room  temperature,  KUE= 29  ^ueV/atom 
in  the  pseudomorphic  region  and  Kj+  Ks=  — 154 
/reV/atom.2  Using  experimental  values3  of  M  and  Tc  versus 
film  thickness  we  find  that  the  transition  from  in-plane  to 
perpendicular  magnetization  should  take  place  near  6  ML  at 
room  temperature.  This  is  consistent  with  the  results  in  Fig.  2 
and  with  the  results  of  Schulz  and  Baberschke  2 

Both  Ni  and  Cu  crystallize  in  the  fee  structure  with  the 
Ni  lattice  constant  being  2.5%  smaller  than  the  Cu  lattice 
constant.  Structural  investigations6,7  of  Ni  growth  on 
Cu(001)  show  that  the  Ni  films  initially  grow  pseudomorphi- 
cally.  This  growth  mode  continues  up  to  a  critical  thickness, 
dc ,  where  the  onset  of  strain  relaxation  causes  the  formation 


of  misfit  dislocations.  Strain  relaxation  also  reduces  the  mag¬ 
netoelastic  energy,  causing  the  magnetism  to  switch  back  to 
in  plane  for  thicker  films.  In  magnetoelastic  theory,  the  mag¬ 
netoelastic  anisotropy  is  proportional  to  the  strain,  e.  In  the 
pseudomorphic  growth  region  e =  —  77,  where  77  is  the  lattice 
misfit.  Chappert  and  Bruno8  have  derived  an  expression  for 
the  residual  strain  for  film  thicknesses  greater  than  dc , 
6—  —  77  dcfd.  Using  this  and  the  value  of  KME  for  d<dc 
determined  by  Schulz  and  Baberschke,2  we  obtain  XME=29 
djd  yoeV/atom  for  d>dc . 

The  transition  from  perpendicular  to  in-plane  magnetiza¬ 
tion  at  higher  coverages  due  to  strain  relaxation  can  now  be 
determined.  Assuming  dc~  8  ML6  we  find  that  the  magneti¬ 
zation  in  the  film  should  be  in  plane  again  above  14  ML. 
This  is  clearly  not  in  agreement  with  the  results  in  Fig.  2, 
which  show  that  the  perpendicular  to  in-plane  transition  oc¬ 
curs  at  —37  ML.  Either  the  assumption  that  e=-y  djd  or 
that  dc  =  8  ML  must  be  incorrect.  This  value  of  dc-  8  ML  is 
the  generally  accepted  value  of  dc  P  It  comes  from  an  ex- 
situ  TEM  study  of  a  Ni/Cu(001)  wedge.6  The  Cu(001)  sub¬ 
strate  was  grown  on  a  NaCl  surface  in  high  vacuum  (10-7 
Torr).  After  Ni  deposition  (2X10-8  Torr)  the  bilayer  was 
floated  off  the  NaCl  surface  and  examined  by  TEM  and  dif¬ 
fraction.  Due  to  the  greatly  different  techniques  and  condi¬ 
tions  in  film  preparation  between  our  experiment  and  the 
TEM  experiment  we  suspect  that  the  value  of  dc=  8  ML  may 
not  be  valid  for  our  experiment.  In  fact,  recent  XPD  experi¬ 
ments  on  10  ML  Ni/Cu(001)7  are  well  explained  by  assum¬ 
ing  that  no  strain  relaxation  has  taken  place.  This  sets  a  lower 
limit  of  10  ML  on  dc . 

The  need  for  an  accurate  value  of  dc  is  apparent.  We 
look  again  at  the  Hc  results  presented  in  Fig.  2.  It  is  well 
known  that  the  strain  in  pseudomorphic  films  is  relieved  by 
the  formation  of  misfit  dislocations  once  the  critical  thick¬ 
ness  for  epitaxial  growth  has  been  exceeded.  It  is  equally 
well  known  that  defects  and  dislocations  in  magnetic  single 
crystals  increase  the  coercive  field.9  These  two  arguments 
taken  together  allow  us  to  interpret  the  rapid  rise  in  the  co¬ 
ercive  field  vs  Ni  film  thickness  as  being  due  to  the  forma¬ 
tion  of  misfit  dislocations.  We  can  also  take  the  onset  of  the 
rapid  rise  in  Hc  as  an  estimate  for  dc.  From  Fig.  2  dc— 13 
ML  for  Ni/Cu(001).  Using  dc=  13  ML,  we  determine  that 
the  crossover  from  perpendicular  to  in-plane  magnetization 
should  occur  at  34  ML,  in  better  agreement  with  the  results 
in  Fig.  2. 

To  show  that  the  rapid  increase  in  Hc  versus  film  thick¬ 
ness  is  a  general  phenomena  that  is  useful  for  measuring  dc , 
we  have  investigated  the  magnetism  in  Co  wedges  grown  on 
Cu(001).  We  find  a  trend  in  Hc  versus  film  thickness  similar 
to  that  shown  in  Fig.  2,  with  a  rapid  increase  from  Hc  =  20 
Oe  to  Hc  =  100  Oe,  beginning  at  12  ML.  Co  grows  pseudo- 
morphically  on  Cu(001)  in  a  metastable  face  centered  tetrag¬ 
onal  structure  up  to  a  critical  thickness  of  —11  ML,  as  de¬ 
termined  by  TEM.10  The  onset  of  the  rapid  rise  in  Hc  near  12 
ML  is  consistent  with  dc  measurements  by  TEM.  We  have 
performed  similar  experiments  on  a  number  of  other  thin 
film  systems,  including  Fe/Pd(001)  and  Fe/Ag(001).  In  each 
case  we  find  a  trend  in  Hc  versus  film  thickness  similar  to 
that  shown  in  Fig.  2.  For  each  system  studied,  the  onset  in 
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no  capping  layer 


0-18  ML  Ni  wedge 
2  ML  Co  capping  layer 


0-18  ML  Ni  wedge 
2  ML  Fe  capping  layer 


FIG.  3.  Effects  of  capping  layers  on  an  easy  axis  of  magnetization  for  a 
0-18  ML  Ni/Cu(001)  wedge.  Addition  of  2  ML  Co  causes  the  magnetiza¬ 
tion  direction  to  lie  in  plane  along  the  entire  wedge  while  the  addition  of  2 
ML  Fe  has  no  effect  on  the  direction  of  magnetization  vs  film  thickness. 


the  rapid  rise  of  Hc  can  be  equated  with  the  critical  thickness 
for  epitaxial  growth. 

Both  transitions  in  the  direction  of  magnetization,  Fig.  2, 
are  now  explained  using  (1).  It  would  be  informative  to  mea¬ 
sure  the  changes  in  magnetization  influenced  by  altering  one 
or  more  of  the  anisotropy  constants  in  (1).  Toward  this  pur¬ 
pose  we  have  studied  the  magnetization  of  Ni/Cu(001), 
wedges,  0-18  ML,  capped  with  a  2  ML  film  of  either  Co  or 
Fe.  This  should  alter  the  value  of  Ks  in  (1).  The  Ni  wedge 
capped  with  Co  has  an  in-plane  easy  axis  of  magnetization 
over  the  entire  Ni  thickness  range,  while  capping  with  Fe  has 
no  effect  on  the  magnetization  direction  versus  Ni  thickness. 
These  results  are  summarized  in  Fig.  3.  For  each  position  on 
both  wedges  the  magnetic  bilayers  were  ferromagnetically 
coupled,  as  determined  by  measuring  the  hysteresis  curves  of 


each  element  separately,  which  is  possible  using  XMCD. 

To  discuss  the  effects  of  the  capping  layers  (1)  must  be 
modified  to  include  an  additional  interface  anisotropy  term, 
and  Ks  is  now  dependent  on  the  capping  layer.  Fe  has  a 
positive  surface  anisotropy4  and  Co  has  a  large  negative  sur¬ 
face  anisotropy, - 400  yCteV/atom,11  for  growth  on 

Cu(001).  As  a  starting  point,  we  assume  that  Ks  of  Fe  and  Co 
are  the  same  for  growth  on  Ni(001)  and  Cu(001),  and  con¬ 
sider  only  the  effects  of  changing  Ks  (we  assume  intermixing 
is  negligible  and  that  |X5|>|X7|).  Capping  with  Co  increases 
Ks  by  a  factor  of  —2.5  and  should  cause  the  transition  from 
in-plane  to  perpendicular  magnetization  to  shift  to  higher  Ni 
thicknesses.  This  is  consistent  with  our  experiment.  Capping 
with  Fe  changes  the  sign  of  Ks ,  which  should  cause  Ni  films 
less  than  7  ML  thick  to  magnetize  perpendicular  to  the  sur¬ 
face.  This  is  not  consistent  with  our  experiment.  Interface 
anisotropies  or  intermixing  are  apparently  important  and 
need  to  be  considered. 

This  work  was  supported  by  Research  under  Grant  No. 
DMR-94- 13475.  The  Synchrotron  Radiation  Center  is  a  na¬ 
tional  facility  supported  by  the  National  Science  Foundation 
Division  of  Materials  Research. 
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The  magnetic  structure  of  nanoscale  alloy  films  has  been  probed  using  the  magnetic  x-ray  linear 
dichroism  in  photoelectron  spectroscopy.  FeNi  and  CoFe  epitaxial  films  were  grown  on  Cu(001),  in 
situ  and  using  molecular  beam  epitaxy  techniques.  The  magnetic  x-ray  linear  dichroism 
measurements  were  made  at  the  Spectromicroscopy  Facility  of  the  Third  Generation  Advanced 
Light  Source.  Because  soft  x-rays  were  used  to  generate  photoemission  from  the  3 p  core  levels, 
both  elemental  selectivity  and  magnetic  sensitivity  were  achieved  simultaneously.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)41 808-9] 


A  full  elucidation  of  the  underlying  principles  driving 
magnetic  properties  in  complex  systems  will  require  the  ap¬ 
plications  of  probes  which  couple  elemental  specificity  and 
magnetic  sensitivity.  Two  important  classes  of  magnetic  de¬ 
vices,  spin  valves1  and  giant  magnetoresistance  (GMR) 
materials,2  are  typically  composed  of  several  nanoscale  lay¬ 
ers  or  aggregations3  composed  of  different  elements  or  al¬ 
loys.  The  ultra-thin  nature  of  these  films  or  clusters  further 
complicates  the  picture  by  introducing  the  impact  of  interfa¬ 
cial  effects,  including  pseudomorphic  strain  and  spin-specific 
scattering  at  the  interfaces.4  One  avenue  to  address  such  is¬ 
sues  is  to  build  epitaxial  ultrathin  alloy  films  and  probe  them 
directly  using  techniques  that  are  both  elementally  selective 
and  magnetically  sensitive.  Here  we  report  the  beginnings  of 
such  a  study,  using  CoFe  and  FeNi  films  grown  with  molecu¬ 
lar  beam  epitaxy  (MBE)  techniques  and  investigated  with 
magnetic  x-ray  linear  dichroism5-7  (MXLD)  in  the  core-level 
photoelectron  spectroscopy  of  the  3 p  states  of  Fe,  Co,  and 
Ni.  (See  Fig.  1). 

The  measurements  were  made  at  the  Spectromicroscopy 
Facility  (Beamline  7)  of  the  Advanced  Light  Source  at 
Lawrence  Berkeley  Laboratory.8  Extraordinarily  bright,  lin¬ 
early  polarized  x-rays  were  generated  by  the  U  5.0  undulator 
and  wavelength  selection  was  achieved  using  the  spherical 
grating  monochromator,  with  a  resolving  power  of  over 
8000.  The  photoelectrons  were  detected  using  the  angle¬ 
resolving,  multichannel,  5.4  in.  radius,  Perkin-Elmer  hemi¬ 
spherical  deflector  system.  Sample  alignment  (including 
pseudomorphic  growth),  cleanliness,  and  composition  were 
measured  using  the  hemispherical  deflector  and  a  separate 
Mg  K a  source,  thus  freeing  up  the  beamline  for  other  uses 
during  our  periods  of  sample  preparation.  The  actual  MXLD 
measurements  (Fig.  2)  used  the  highly  polarized  synchrotron 
radiation  and  were  performed  with  a  total  instrumental  en¬ 
ergy  resolution  bandpass  of  <100  meV  and  angular  resolu¬ 
tion  of  2°.  The  angle  of  incidence  of  the  x-rays  was  30° 
relative  to  the  surface  plane.  The  electrons  were  collected 
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along  the  surface  normal,  i.e.,  “normal  emission.”  Typically, 
the  magnetic  alloy  was  magnetized  in  the  plane  of  the  sur¬ 
face  but  perpendicularly  to  the  plane  containing  the  emission 
direction  (surface  normal)  and  the  Poynting  vector  and  elec¬ 
tric  polarization  vector  of  the  x-rays.  Thus,  the  “transverse- 
chiral”  condition  necessary  for  MXLD  was  achieved:  revers¬ 
ing  the  magnetic  field  causes  two  mirror-image 
configurations  which  are  equivalent  but  totally  nonsuperim¬ 
possible.  By  comparing  spectra  from  these  configurations,  it 
is  possible  to  directly  probe  the  magnetic  perturbations  of  the 
elementally  specific  electronic  structure  of  the  systems. 

The  alloy  systems  under  consideration  were  CoFe  and 
FeNi.  Ultra-thin  films  of  each  were  grown  on  Cu(001)  at 
room  temperature,  using  well-developed  MBE  techniques.9 
Studies  of  the  bulk  electronic  structures  have  been 
performed,10"13  but  the  properties  of  these  pseudomorphic 
overlayers  are  further  complicated  by  epitaxial  strain  and 
other  nanoscale  effects.  Examples  of  our  spectroscopic  re¬ 
sults  are  shown  in  Figs.  3  and  4.  In  this  energy  regime,  the 


* 


FIG.  1.  The  ejection  of  a  3p  electron  by  a  linearly  polarized  x-ray  is  shown 
here.  The  spin-polarized  states,  near  the  Fermi  level,  are  also  included. 
The  presence  of  these  magnetically  polarized  valence  bands  are  the  root 
cause  of  the  MXLD  effect. 
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FIG.  2.  The  experimental  configuration  is  schematically  shown  here.  The 
grazing  angle  of  incidence  of  the  linearly  polarized  x-rays  was  30°,  relative 
to  the  surface  plane.  Electrons  injected  perpendicularly  to  the  surface  were 
collected  by  the  angle  resolving  detector  (i.e.,  normal  emission).  The  plane 
containing  the  ejected  electron  and  the  Poynting  vector  of  the  x-ray  also 
contained  the  electric  polarization  vector  of  the  x-ray  as  well.  The  magne¬ 
tization  vector  was  perpendicular  to  this  experimental  plane,  but  in  the  plane 
of  the  surface.  To  achieve  MXLD,  comparisons  were  made  between  spectra 
in  which  only  the  direction  of  the  magnetization  was  reversed;  all  else  was 
kept  the  same. 


cross  sections  for  the  Fe,  Co,  and  Ni  3 p  are  strongly  photon- 
energy  dependent:14  hence,  the  peaks  do  not  scale  with  con¬ 
centration  without  further  correction.  The  asymmetry  in  the 
case  of  the  Fe  and  Co  in  Fig.  3  is  actually  underestimated.  It 
would  be  appropriate  to  set  the  prepeak  region,  before  the  Co 
and  Fe,  respectively,  to  zero  for  that  calculations.  (See  Figs. 
3  and  4.) 

Presently,  we  are  pursuing  studies  of  these  systems 
where  we  vary  the  thickness  and  composition  of  the  mag¬ 
netic  overlayers  and  probe  the  3 p  levels  of  each  element.  In 
essence,  we  are  attempting  to  use  the  MXLD  measurements 
as  element- specific,  surface  magnetometers.  Our  initial  stud¬ 
ies  suggest  a  concentration  dependent  quenching  similar  to 
that  observed  in  bulk  Invar  but  with  different  elementally 
specific  contributions  than  those  of  the  bulk.10"13  It  appears 
that  template  and  thickness  dependent  relaxation  effects  may 
be  competing  in  this  system.  Additional  studies  will  include 
not  only  MXLD  but  also  surface  magneto-optic  Kerr  effect 


Binding  Energy  (eV) 


FIG.  3.  Photoelectron  spectra  of  Fe[l]Co[8]/Cu(001),  taken  using  a  photon 
energy  of  130  eV.  Also  shown  is  the  asymmetry  for  these  two  spectra.  The 
asymmetry  is  equal  to  (7+-/~)  divided  by  ( I+  +  I~ ).  The  asymmetry  val¬ 
ues  shown  here,  positive  peaks  of  7%  for  Co  and  4%  for  Fe,  are  the  most 
conservative  estimates.  These  were  calculated  using  the  entire  underlying 
electron  background  in  7+  and  7”  (see  vertical  scale).  If  one  instead  uses  the 
prepeak  (lower  binding  energy)  regions  as  an  estimate  of  zero  intensity, 
values  near  40%  for  Fe  and  15%  for  Co  are  found. 


FIG.  4.  Photoelectron  spectra  of  Fe[l]Ni[4]/Cu(001),  taken  using  a  photon 
energy  of  160  eV.  Here,  a  difference  spectrum  is  also  shown.  Using  the 
prepeak  regions  as  estimates  of  zero  intensity,  asymmetry  values  near  5% 
for  Fe  and  2%  for  Ni  can  be  obtained.  The  relatively  larger  spin-orbit  effect 
in  Ni  results  in  a  more  consistent  structure  with  a  peak  and  shoulder,  com¬ 
pared  to  the  Fe  spectra. 


(SMOKE)  measurements.9,15  Furthermore,  analysis  based 
upon  the  MXLD  effects  may  not  be  quite  as  straightforward 
as  it  might  seem:  it  is  not  clear  that  simple  perturbative  mod¬ 
els  are  accurate.16,17  In  fact,  for  the  3 p  levels  of  Fe,  Co,  and 
Ni,  it  may  be  that  simple  perturbative  pictures  fail  and  that 
both  the  spin-orbit  and  exchange  splitting  need  to  be  dealt 
with  on  an  equal  footing16,17  (Fig.  5).  However,  as  one 
moves  across  the  series  from  Fe  to  Ni,  the  ratio  of  magnetic 
moment  to  spin  orbit  splitting  decreases  substantially,  sug¬ 
gesting  the  plausibility  of  a  perturbative  approach  for  Ni 
(Table  I).  This  is  reflected  also  in  Fig.  4.  Thus,  our  initial 
results  are  promising  in  terms  of  understanding  key  effects  in 
magnetic  nanoscale  films,  including  such  possibilities  as 
strain-modified  invar  quenching,  but  it  may  require  more  so¬ 
phisticated  analysis,  including  multiple-scattering 
calculations16,17  and  more  extensive  examination  of  thick¬ 
ness  and  composition  effects. 

We  are  using  the  elementally  specific  and  magnetically 
sensitive  technique  of  MXLD  photoelectron  spectroscopy  to 
probe  nanoscale  magnetic  alloys.  These  structures  are  the 
building  blocks  of  many  new  magnetic  devices,  including 
spin-value  and  GMR  materials.  The  variation  of  classical 
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FIG.  5.  The  effect  of  spin-orbit  and  exchange  splitting  upon  a  p  core-level  is 
illustrated  here.  Two  perturbative  approaches  are  shown:  Large  spin-orbit 
and  small  exchange  splitting  (left  hand  side)  and  small  spin-orbit  and  large 
exchange  splitting  (right  hand  side).  The  Ni  3 p  would  fall  to  the  left  while 
the  Fe  3  p  is  near  the  center,  where  spin-orbit  and  exchange  effects  are 
nearly  equal  and  a  nonperturbative  approach  is  required.  State  mixing  is 
indicated  by  dashed  and  solid  lines  (Table  I). 
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TABLE  I.  A  rough  comparison  of  exchange  and  spin  orbit  splittings  in  Fe, 
Co,  and  Ni  is  shown  here.  Assuming  that  the  spin-orbit  splitting  scales  as  z, 
the  atomic  number,  to  the  fourth  power,18  it  is  possible  to  crudely  estimate 
the  spin-orbit  splitting  in  Fe  and  Co  from  spectroscopic  data  (Ref.  19)  for 
Ni,  Cu,  and  Zn.  By  comparison  to  the  ratio  of  the  magnetic  moment  (Ref. 
20)  vs  the  spin  orbit  splitting  in  Ni,  we  see  that  such  a  ratio  is  seven  times 
larger  for  Fe  than  Ni.  Thus,  while  it  might  be  possible  to  view  the  Ni  3 p 
from  the  limiting  case  of  an  exchange  splitting  perturbing  a  larger  spin-orbit 
splitting,  such  an  approach  is  unlikely  to  be  appropriate  for  the  Fe  3 p. 


(As) 

A£SOb  (eV) 

Ratio0 

Fe 

2.2 

(~10) 

(~7) 

Co 

1.7 

(~1.3) 

(~4) 

Ni 

0.6 

1.8 

1 

Cu 

2.2 

Zn 

2.8 

aBulk  magnetic  moment  values  from  “Materials  Sciences”  by  Anderson 
et  al.  (Ref.  20). 

bHEso=BF(3Pm)-BF(3Py2)-  From  X-Ray  Data  Booklet  by  Kirz  et  al. 
(Ref.  19).  The  Fe  and  Co  values  were  obtained  by  extrapolation  from  the 
Zn,  Cu,  and  Ni  values,  assuming  A£sO  is  proportional  to  Z4,  with 
Z=  atomic  number. 

cRatio  =(Ai/A£soMM/A^SO)Ni=(M/A£SO)^*3(^“1  eV)- 

magnetic  effects,  such  as  Invar  quenching,  due  to  pseudo- 
morphic  strain  and  other  nanoscale  perturbations,  is  being 
investigated. 

This  work  was  performed  under  the  auspices  of  the  U.  S. 
Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  Contract  No.  W-7405 -ENG-48.  The  Spec- 
tromicroscopy  Facility  and  the  Advanced  Light  Source  were 
constructed  with  support  from  the  U.S.  Department  of  En¬ 
ergy. 
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A  sequence  of  three  distinct  magnetic  phases  of  Fe  are  found  for  growth  on  both  fee  Co(001)  and 
Ni(001)  using  x-ray  magnetic  circular  dichroism.  For  Fe  coverages  below  5  ML  the  films  are 
ferromagnetic,  with  the  magnetic  moments  aligned  perpendicular  to  the  surface  for  growth  on  Ni 
and  parallel  to  the  surface  for  growth  on  Co.  Between  5  and  11  ML  the  Fe  films  are 
nonferromagnetic  at  room  temperature.  Above  11  ML  the  Fe  films  are  once  again  ferromagnetic.  An 
identical  sequence  of  magnetic  phase  transitions  is  known  to  occur  for  Fe  growth  on  Cu(001).  Based 
on  this  comparison  and  on  the  nearly  identical  lateral  lattice  constants  of  fee  Co,  Ni,  and  Cu,  we 
conclude  that  Fe  growth  on  fee  Co(001)  and  Ni(001)  follows  the  same  sequence  of  crystalline  phase 
transitions  as  Fe  growth  on  Cu(001).  ©  1996  American  Institute  of  Physics. 
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Metastable  magnetic  phases  of  Fe  grown  on  Cu(001)  are 
perhaps  the  most  intensely  studied  thin  film  magnetic 
system.1-5  These  films  exhibit  a  variety  of  different  magnetic 
properties  and  crystalline  structures,  depending  on  film 
thickness  and  temperature.  Three  phases  of  Fe,  identified  by 
their  different  magnetic  properties,  are  found  in  films  grown 
at  room  temperature  using  physical  vapor  deposition.  Fe 
films  less  than  five  monolayers  (ML)  thick  are  ferromagneti- 
cally  ordered,  with  an  easy  axis  of  magnetization  perpen¬ 
dicular  to  the  surface.1,2  Films  between  5  and  11  ML  thick 
are  antiferromagnetic  with  a  Neel  temperature  below  room 
temperature.  The  outer  two  surface  layers  of  this  antiferro¬ 
magnetic  phase  are  ferromagnetically  aligned  with  the  mo¬ 
ment  oriented  perpendicular  to  the  surface.1,2  Films  thicker 
than  11  ML  are  ferromagnetic  with  an  in-plane  moment.1,2 

These  three  regions  of  different  magnetic  behavior  cor¬ 
respond  to  three  distinct  surface  structures,  which  can  be 
identified  by  their  low-energy  electron  diffraction  (LEED) 
patterns.3  The  ferromagnetic  phase  present  at  coverages  be¬ 
low  5  ML  has  an  (nXl)  LEED  pattern,  where  n  —  4  or  5. 1-3 
The  antiferromagnetic  phase  has  been  reported  by  various 
groups  to  have  either  a  (1  X  l)2  or  (2X  l)1,3  LEED  pattern. 
For  coverages  above  11  ML,  a  (3X1)  LEED  pattern  is 
observed.1-3  The  crystalline  structure  of  these  three  phases 
has  been  investigated  by  a  number  of  techniques,  including 
x-ray  photoelectron  diffraction,6  scanning  tunneling  micros¬ 
copy  (STM),5  and  extended  x-ray  absorption  fine  structure 
(EXAFS).4  EXAFS  and  STM  both  find  evidence  of  a  fee  to 
bcc  phase  transition  as  the  film  thickness  increases  beyond 
10  ML.  This  identifies  the  antiferromagnetic  Fe  phase 
present  between  5  and  11  ML  as  fee  Fe  and  the  ferromag¬ 
netic  phase  present  at  coverages  above  11  ML  as  bcc  Fe.  The 
low  coverage  (<5  ML)  ferromagnetic  phase  has  been  iden¬ 
tified  as  a  face-centered-tetragonal,  fet,  structure  by 
EXAFS.4' 

An  important  open  question  is  whether  the  metastable  fet 
and  fee  structures  of  Fe  can  be  observed  on  other  substrates, 
or  if  they  are  only  present  in  the  Fe/Cu(001)  system.  We 


have  chosen  to  investigate  both  fee  Ni(100)  and  metastable 
fee  Co(100)  as  substrates  for  Fe  epitaxy,  where  the  substrates 
are  in  the  form  of  films  grown  on  Cu(100).  For  Co/Cu(001) 
the  growth  mode  is  nearly  perfectly  layer  by  layer,  resulting 
in  metastable  fee  Co  films  with  the  same  surface  unit  cell  as 
Cu(OOl)6  for  films  below  the  critical  layer  thickness  for  dis¬ 
location  formation.  Ni  on  Cu(001)  also  grows  in  the  fee 
structure,7  owing  to  the  close  lattice  match  between  Ni  and 
Cu.  Because  of  the  nearly  identical  surface  unit  cell  of 
Cu(001),  metastable  fee  Co(001),  and  Ni(001),  we  expect 
that  there  is  a  strong  likelihood  that  the  Fe/Co(001)  and  Fe/ 
Ni(001)  structures  are  very  similar  to  those  of  Fe/Cu(100). 

In  this  paper  we  report  on  the  magnetism  and  structure 
of  ultrathin  Fe  films  grown  on  the  ferromagnetic  substrates, 
fee  Co(001)  and  fee  Ni(001).  The  experiments  were  per¬ 
formed  on  the  10  M  toroidal  grating  monochromator  beam¬ 
line  located  at  the  Synchrotron  Radiation  Center.  The  fee 
Co(001)  (10  ML)  and  fee  Ni(001)  (15  ML)  thin-film  sub¬ 
strates  were  grown  on  a  clean  Cu(001)  crystal  at  room  tem¬ 
perature  by  evaporation  from  pure  Co  and  Ni  wires.  These 
film  thicknesses  were  chosen  to  reduce  the  possibility  of  Cu 
diffusion  to  the  surface.  Both  of  these  substrates  are  ferro¬ 
magnetic  with  the  magnetization  vector  lying  in  plane  for  Co 
and  perpendicular  to  the  surface  for  Ni.  Fe  films  of  different 
thickness  were  deposited  at  room  temperature,  by  evapora¬ 
tion  from  a  pure  Fe  wire.  The  base  pressure  of  the  vacuum 
chamber  was  2XlO“10  Torr,  and  the  pressure  during  evapo¬ 
ration  was  below  2X 10-9  Torr.  LEED  was  used  to  determine 
substrate  and  film  order. 

X-ray  magnetic  circular  dichroism  (XMCD)  measure¬ 
ments  were  made  with  the  sample  located  between  the  poles 
of  an  electromagnet.  Two  geometries  were  used  for  the 
XMCD  measurements,  as  shown  in  Fig.  1.  The  photon  angle 
of  incidence  was  45°  for  both  perpendicular  and  in-plane 
measurements.  XMCD  spectra  were  taken  at  room  tempera¬ 
ture  by  switching  the  direction  of  the  magnetic  field  and 
measuring  the  total  electron  yield,  7(/icu),  while  sweeping 
the  incident  photon  energy  at  a  fixed  polarization.  Dichroism 
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a)  M  perpendicular  t»)  M  parallel 

FIG.  1.  Experimental  geometry  for  (a)  magnetization  perpendicular  to  the 
sample  surface  and  (b)  parallel  to  the  sample  surface.  The  sample  is  rotated 
90°  to  change  the  measurement  geometry. 


intensities  were  normalizing  to  the  total  absorption  cross  sec¬ 
tion  and  are  proportional  to  the  magnetization. 

There  are  a  number  of  important  reasons  why  the  spe¬ 
cific  measurement  geometry  of  Fig.  1  was  chosen.  We  have 
shown  earlier8  that  the  approximation  (T{ho))^h(o^  Y(ha)), 
where  cr(hco)  is  the  absorption  cross  section,  is  not  always 
valid  for  studies  of  magnetic  films  with  photon  angles  of 
incidence  greater  than  50°.  This  is  due  to  saturation  effects  in 
the  total  electron  yield.  Our  geometry  was  chosen  so  that  the 
approximation  a(h(i))0Ch(x)'Y(fKo)  is  valid  to  within  5%. 8 
The  symmetry  of  our  experimental  geometry  allows  a  direct 
comparison  of  the  XMCD  intensities  between  the  parallel 
and  perpendicular  magnetization  cases.  This  geometry,  to¬ 
gether  with  azimuthal  rotation,  also  allows  the  easy  axis  of 
magnetization  to  be  determined  unambiguously. 

The  normalized  Fe  dichroism  intensities  at  L3  measured 
at  remanence,  X^(Fe),  were  found  to  vary  greatly  depending 
on  Fe  film  thickness  and  substrate.  Figure  2  shows  a  graph  of 
Xfi(Fe)  as  a  function  of  Fe  film  thickness  on  the  three  sub¬ 
strates  we  studied.  For  Fe  growth  on  Cu(001),  no  ferromag¬ 
netic  ordering  is  observed  for  films  less  than  11  ML  thick. 
Above  11  ML  the  films  are  ferromagnetically  ordered  in¬ 
plane,  as  shown  by  the  nonzero  dichroism  intensity.  The 
saturation  in  2tf(Fe)  at  14  ML  shows  that  the  entire  film  is 
magnetized  at  this  thickness. 

Three  regions  of  different  magnetic  behavior  are  found 
for  Fe  growth  on  the  ferromagnetic  substrates  fee  Co(001) 
and  fee  Ni(001).  These  regions  are  characterized  by  different 
values  of  2/?(Fe).  For  coverages  less  than  4  ML,  the  Fe  is 
ferromagnetically  aligned,  as  determined  by  the  large  value 
of  2/e(Fe)  —32%.  The  easy  axis  of  magnetization  is  in  plane 
along  <110)  for  1-4  ML  of  Fe  on  Co(001).  At  the  same 
thickness  range  on  Ni(100),  the  easy  axis  is  perpendicular  to 
the  surface. 

Between  5  and  11  ML,  2*(Fe)  is  reduced  to  nearly  zero 
for  growth  on  both  Co  and  Ni.  The  easy  axis  of  magnetiza¬ 
tion  for  this  thickness  range  remains  in  plane  for  growth  on 
Co,  <110),  and  perpendicular  to  the  surface  for  growth  on  Ni. 
For  coverages  greater  than  11  ML,  X/?(Fe)  increases.  For 
growth  on  Co,  2*(Fe)  at  16  ML  coverage  is  nearly  equal  to 
Stf(Fe)  for  thick  bcc  Fe  films  grown  on  Cu(001).  For  growth 
on  Ni,  2fl(Fe)  gradually  increases  over  the  thickness  range 
from  12  to  18  ML,  but  does  not  quite  reach  the  value  of 
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FIG.  2.  Normalized  dichroism  intensities  of  Fe  measured  at  remanence, 
Xfl(Fe),  which  is  proportional  to  the  average  vector  magnetic  moment  per 
Fe  atom,  vs  the  film  thickness  for  growth  on  Cu(001),  Co(001),  and  Ni(001). 
The  vertical  dashed  lines  represent  regions  of  different  growth  for  Fe/ 
Cu(001),  fet,  fee,  and  bcc.  Different  surface  reconstructions,  as  observed  by 
LEED,  are  given  for  Fe  growth  on  Cu(001)  and  Co(001).  The  symbols  _L 
and  II  signify  magnetic  alignment  perpendicular  and  parallel  to  the  sample 
surface,  respectively. 


Sfl(Fe)  for  thick  bcc  Fe  films  grown  on  Cu(001).  The  easy 
axis  of  magnetization  for  Fe  films  thicker  than  11  ML 
switches  from  perpendicular  to  the  surface  to  in  plane  for  Fe 
films  grown  on  Ni,  and  remains  in  plane  for  Fe  films  grown 
on  Co(001).  Element  specific  hysteresis  measurements  show 
predominantly  square  hysteresis  loops,  MR>0.9MS,  with 
ferromagnetic  coupling  between  the  substrate  and  Fe  for  all 
Fe  thicknesses. 

It  is  important  to  examine  the  magnetization  of  the  sub¬ 
strate  before  discussing  the  results  presented  in  Fig.  2.  In  Fig. 
3  we  show  the  values  of  £*(Co)  and  2R(Ni)  vs  Fe  coverage. 
2rt(Co)  does  not  change  with  Fe  coverage,  and  the  easy  axis 
of  magnetization  is  always  in  the  surface  plane.  For  Fe/Ni, 
Sfl(Ni)  is  18%  for  Fe  coverages  less  than  11  ML  and  12% 
for  Fe  coverages  greater  than  11  ML.  This  change  in  X^(Ni) 
is  accompanied  by  a  change  in  the  easy  axis  of  magnetiza¬ 
tion,  which  is  perpendicular  to  the  surface  for  coverages  be¬ 
low  11  ML  and  in  plane  for  coverages  above  11  ML.  The 
decrease  in  2s(Ni)  may  be  due  to  complex  magnetic  domain 
structures  in  the  Ni  films  magnetized  in  plane.  The  sharp 
decline  in  the  Fe  magnetization  near  5  ML  has  no  counter¬ 
part  in  the  substrate  signals.  The  rise  in  Fe  magnetization 
above  11  ML  is  absent  in  the  Co  data,  and  for  Ni  there  is  an 
opposite  behavior  at  this  point.  This  means  that  the  magne¬ 
tization  changes  seen  in  the  Fe  films  at  5  and  11  ML  must  be 
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FIG.  3.  Normalized  dichroism  intensities  of  the  Co  and  Ni  substrates  vs  Fe 
coverage. 

due  to  phase  changes  in  the  Fe  itself,  rather  than  arising  from 
changes  in  the  substrate  magnetization. 

The  dashed  lines  in  Fig.  2,  at  5  and  11  ML,  separate  the 
regions  of  different  crystal  structures  found  for  Fe  growth  on 
Cu(OOl).1,2  The  onset  of  ferromagnetic  ordering  at  11  ML  for 
Fe/Cu(001)  is  due  to  the  antiferromagnetic  fee  to  ferromag¬ 
netic  bcc  phase  transition.  We  do  not  see  magnetic  ordering 
in  the  fee  phase  (5-11  ML),  since  we  are  measuring  at  room 
temperature.  Both  the  Neel  temperature  of  the  fee  phase 
(7^=200  K)  and  the  Curie  temperature  of  the  live  surface 
bilayer  (Tc= 250  K)  are  below  room  temperature.2  Similarly, 
we  observe  no  perpendicular  magnetization  for  fet  Fe/ 
Cu(001)  films  (5  ML  and  below),  since  room  temperature  is 
only  slightly  below  the  Curie  temperature  of  these  films. 

The  regions  of  different  magnetic  behavior  of  Fe  for 
growth  on  Co  and  Ni  nearly  coincide  with  the  regions  of 
different  crystal  structure  for  Fe  growth  on  Cu.  This  is  strong 
evidence  that  Fe  has  the  growth  mode  on  Cu(001),  Co(001), 
and  Ni(001).  Further  evidence  comes  from  LEED.  For  Fe 
growth  on  Co,  we  observe  (nX  1),  n  =  4  or  5,  diffraction 
patterns  for  Fe  coverages  less  than  5  ML,  (1X1)  diffraction 
patterns  for  Fe  coverages  between  5  and  11  ML,  and  (3X1) 
diffraction  patterns  for  coverages  greater  than  11  ML.  This  is 
identical  to  the  LEED  results  we  obtain  for  Fe  growth  on 
Cu(001),  and  is  in  agreement  with  published  LEED  results 
for  Fe/Cu(001).2  For  Fe  growth  on  Ni(001),  we  do  not  ob¬ 
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serve  sharp  higher-order  diffraction  spots,  just  intensity 
modulated  streaks  along  the  (110)  directions.  Given  the  iden¬ 
tical  surface  unit  cells  of  the  three  substrates,  the  coincidence 
of  the  changes  in  magnetism  with  anticipated  changes  in 
crystalline  structure,  and  the  identical  surface  reconstructions 
for  growth  on  Cu(001)  and  Co(001),  we  propose  that  the 
sequence  of  structures  for  Fe  grown  on  Ni(001)  and  Co(001) 
is  the  same  as  for  Fe  growth  on  Cu(001). 

The  magnetic  transitions  of  the  Fe/Co  and  Fe/Ni  thin 
films  (Fig.  2)  can  now  be  explained  in  terms  of  the  structural 
changes  in  the  films  and  the  influence  of  the  magnetic  sub¬ 
strates.  At  coverages  below  5  ML,  the  Fe  films  grow  in  the 
fet  structure,  which  is  ferromagnetic.  Ferromagnetic  ordering 
is  evident  in  the  large  dichroism  intensity  we  find  for  films 
between  1  and  ~4  ML  thick.  Between  5  and  11  ML,  the  Fe 
films  grow  with  a  fee  structure.  For  growth  on  Cu(001),  fee 
Fe  is  an  antiferromagnet  (7^=200  K).  Since  TN  for  the  Fe/ 
Cu(001),  Fe/Co(001),  and  Fe/Ni(001)  films  are  likely  to  be 
similar,  at  room  temperature  these  films  will  be  nonmagnetic. 
However,  the  dichroism  signal  in  this  phase  is  greatly  re¬ 
duced,  but  does  not  go  to  zero.  This  nonzero  dichroism  in¬ 
tensity  is  most  likely  due  to  magnetism  at  the  Fe/Co  and 
Fe/Ni  interfaces.  Above  1 1  ML,  the  critical  thickness  for  fee 
Fe  growth  is  exceeded,  and  the  Fe  films  gradually  transform 
into  the  bcc  structure.  This  is  the  room  temperature  stable 
crystal  structure,  and  it  is  ferromagnetic,  which  is  evident  in 
the  increase  in  the  dichroism  intensity.  The  larger  value  of 
Stf(Fe)  for  fee  Fe  may  be  due  to  an  enhanced  surface  mo¬ 
ment,  or  complex  domain  structures  in  the  bcc  Fe/fcc  Ni  and 
bcc  Fe/fcc  Co  films. 
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Science  Foundation  Division  of  Materials  Research. 


1 J.  Thomassen,  F.  May,  B.  Feldmann,  M.  Wuttig,  and  H.  Ibach,  Phys.  Rev. 
Lett.  69,  3831  (1992). 

2D.  Li,  M.  Freitag,  J.  Pearson,  Z.  Q.  Qiu,  and  S.  D.  Bader,  Phys.  Rev.  Lett. 
72,3112  (1994). 

3P.  Xhonneux  and  E.  Courtens,  Phys.  Rev.  B  46,  556  (1992). 

4H.  Magnan,  D.  Chandesris,  B.  Villette,  O.  Heckmann,  and  J.  Lecante, 
Phys.  Rev.  Lett.  67,  859  (1991). 

5K.  Kalki,  D.  D.  Chambliss,  K.  E.  lonson,  R.  J.  Wilson,  and  S.  Chiang, 
Phys.  Rev.  B  48,  18  344  (1993). 

6M.  T.  Kief  and  W.  F.  Egelhoff,  Phys.  Rev.  B  47,  10  785  (1993);  D.  A. 
Steigerwald  and  W.  F.  Egelhoff,  Jr.,  Surf.  Sci.  192,  L887  (1987). 

7J.  Zhang,  Z.-L.  Han,  S.  Varma,  and  B.  P.  Tonner,  Surf.  Sci.  298,  351 
(1993). 

8W.  L.  O’Brien  and  B.  P.  Tonner,  Phys.  Rev.  B  50,  12  672  (1994). 


W.  L.  O’Brien  and  B.  P.  Tonner 


5631 


Nonlinear  magneto-optical  Kerr  effect  study  of  quantum-well  states  in  a  Au 
overlayer  on  a  Co(0001)  thin  film 

M.  Groot  Koerkamp,  A.  Kirilyuk,  W.  de  Jong,  and  Th.  Rasing 

Research  Institute  for  Materials ,  University  of  Nijmegen,  Toernooiveld  1  NL-6525  ED  Nijmegen, 

The  Netherlands 

J.  Ferre,  J.  P.  Jamet,  and  P.  Meyer 

Laboratoire  de  Physique  des  Solides,  Universite  Paris  Sud,  91405  Orsay  Cedex,  France 

R.  Megy  , 

Institut  d’Electronique  Foundamentale,  Universite  Paris  Sud,  91405  Orsay  Cedex,  France 

We  have  measured  the  polar  nonlinear  magneto-optical  Kerr  rotation  and  the  total  generated  second 
harmonic  intensity  from  a  perpendicularly  magnetized  Co(0001)/Au(lll)  thin  film  (6  ML)  versus 
the  thickness  of  a  Au  overlayer.  For  both  experiments  we  find  a  clear  oscillation  with  a  period  of 
about  13.5  ML.  This  behavior  can  be  interpreted  as  arising  from  quantum-well  states  (QWSs)  in  the 
Au  overlayer,  though  interestingly,  the  observed  period  is  twice  the  expected  one.  Especially  for  the 
reflected  intensity  this  oscillation  is  very  pronounced:  the  intensity  changes  by  a  factor  of  10  when 
the  Au  overlayer  thickness  changes  from  7  to  13  ML.  These  strong  effects  make  this  nonlinear 
technique  very  suitable  for  the  study  of  these  QW  oscillations.  ©  1996  American  Institute  of 
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Since  the  discovery  that  magnetic  films  separated  by  a 
nonmagnetic  spacer  layer  could  be  coupled  anti- 
ferromagnetically, 1  and  the  subsequent  discovery  that  this 
coupling  could  oscillate  between  ferromagnetic  and 
antiferromagnetic,2  there  have  been  intense  efforts  to  under¬ 
stand  these  phenonema.  It  was  shown  that  in  ultrathin  films, 
due  to  the  electronic  potential  discontinuities  experienced  by 
electronic  states  at  interfaces,  the  perpendicular  component 
of  the  wave  vector  can  become  quantized,  giving  rise  to  reso¬ 
nances  in  the  density  of  states.  Those  quantum- well  states 
(QWSs)  may  act  as  the  mediator  for  this  magnetic  coupling.3 
Magneto-optical  Kerr  effect  (MOKE)  and  direct-  and  inverse 
photo  emission  experiments  have  shown  direct  evidence  of 
such  QWSs  in  thin  noble  metal  films  on  magnetic  substrates 
(Fe  and  Co),4"6  and  in  a  bcc  Fe(100)  layer  on  Au(100).7’8 
More  recently,  oscillations  of  the  Kerr  angle  with  changes  of 
overlayer  film  thickness  have  been  observed  for  a  Au/Co/Au 
system'.9  These  results  showed  the  existence  of  quantum  size 
effects  in  the  thin  Au  overlayer  and  also  gave  an  indication 
of  possible  interface  contributions. 

Due  to  the  fact  that  optical  second  harmonic  generation 
(SHG)  is  known  to  be  surface  sensitive  on  an  atomic  scale,  it 
seems  that  SHG  studies  might  be  particularly  suitable  for 
improving  our  knowledge  of  the  electrodynamics  of  ultrathin 
metallic  films.  Though  the  absolute  nonlinear  signals  are 
small,  the  nonlinear  magneto-optical  effects  can  be  large: 
compared  to  the  linear  Kerr  angle,  enhancements  up  to  a 
factor  of  1000  have  been  observed.10  Wierenga  et  alu  were 
the  first  to  report  about  the  possibilities  of  this  nonlinear 
optical  technique  for  detecting  QW  oscillations.  They  have 
found  very  strong  oscillations  in  the  magnetization-induced 
SHG  signal  for  the  Cu/Co/Cu  system  as  a  function  of  the 
thickness  of  the  Cu  overlayer,  which  are  probably  related  to 
QWSs  in  these  films.11  These  strong  effects  are  directly  re¬ 
lated  to  the  extreme  interface  localization  of  the  nonlinear 
response. 

In  this  paper  we  report  the  unambiguous  observation  of 


QWSs  in  a  Au(lll)  overlayer  on  Co(0001).  The  oscillations  4 
are  found  in  both  the  polar  nonlinear  MOKE  as  well  as  in  the 
total  generated  second  harmonic  intensity,  as  measured  as  a 
function  of  the  Au  overlayer  thickness.  These  are  the  first 
nonlinear  MOKE  results  in  the  polar  geometry,  showing  an 
enhancement  of  two  orders  of  magnitude  with  respect  to  its 
linear  equivalent. 

For  our  experiments  we  used  a  Ti: sapphire  (Tsunami) 
laser  operating  at  a  repetition  rate  of  82  MHz  and  a  pulse 
width  of  about  100  fs.  The  incoming  laser  light  was  filtered 
and  focused  onto  the  sample.  Polarization  control  of  both 
incident  fundamental  and  reflected  SH  light  was  achieved  by 
means  of  polarizers.  Appropriate  optical  filtering  was  used 
before  the  signal  was  detected  by  a  photon  counter.  Our 
sample  consists  of  a  six  monolayer  (ML)  Co(0001)  film  on  a 
30  nm  thick  Au  buffer  layer,  covered  with  a  stepped  Au 
wedge,  consisting  of  13  terraces  of  rAu=6-18  ML.  The  ter¬ 
races  have  a  width  of  1.5  mm,  so  the  laser  beam  can  easily 
be  focused  on  each  separate  step.  Details  about  the  sample 
preparation  can  be  found  in  Ref.  9.  Note  that  this  sample  has 
a  perpendicular  easy  magnetization  axis. 

SHG  arises  from  the  nonlinear  polarization  P(2 <o)  in¬ 
duced  by  an  incident  laser  field  E(co).  In  the  electric  dipole 
approximation,  this  polarization  can  be  written  as 


PiV^xUW+xJjkWW^EM,  (l) 


where  x?jk(M)  and  x7jk(M)  are  the  even  and  odd  elements 
of  the  nonlinear  susceptibility  tensor  that  fulfill 
X?jk(~ M)  =  ±X?jk(M)>  as  suggested  by  Pan  et  al.n  Since 
this  susceptibility  tensor  has  to  reflect  the  symmetry  of  the 
crystal,13  the  nonzero  elements  are  easily  derived  from  the 
invariance  of  x(M)  under  symmetry  operations.  Table  I 
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TABLE  I.  The  nonzero  elements  of  the  SH  susceptibility  tensor  for  an 
isotropic  surface  in  the  polar  (M||z)  configuration  and  for  a  nonmagnetized 
interface.  The  two  columns  list  the  elements  that  are  even  and  odd  in  the 
magnetization,  respectively. 


Nonmagnetized 


xx  z = xzx  =  yyz = yzy 

zxx=zyy 

zzz 

Polar  (M|| z) 

Even  in  M  Odd  in  M 


xxz~xzx~yyz=yzy  xyz-xzy=  -yxz=-yzx 

zxx-zyy  zxy=zyx 

zzz 


shows  the  relevant  tensor  elements  for  our  experiments.  For 
s -polarized  incident  light  (i.e.,  parallel  to  the  y  axis,  see  the 
inset  to  Fig.  1),  only  the  even  element  can  be  excited.  There¬ 
fore,  no  Kerr  rotation  can  be  expected  for  this  configuration. 
For  p  -polarized  incident  light  the  Co/Au  interfaces  have  two 
odd  components,  both  giving  rise  to  ^-polarized  SHG,  and 
three  even  components,  which  produce  p -polarized  SHG. 
From  this  it  follows  that  the  SHG  polarization  ellipses  for 
±M  are  each  other  mirror  images  in  the  plane  of  incidence, 
and  we  can  define  a  nonlinear  Kerr  angle  <J>^ ,  analogous  to 
the  linear  Kerr  rotation.  Experimentally,  the  Kerr  angle  is 
found  by  fitting  a  cos2  a  dependence  to  the  measured  inten¬ 
sity  as  a  function  of  the  analyzer  angle  a ,  for  opposite  direc¬ 
tions  of  the  magnetic  field.  This  leads  to  a  precision  in  the 
nonlinear  Kerr  angle  of  ±0.12°. 

The  experimental  variation  of  <J>^  vs  rAu  is  given  in  Fig. 
1,  showing  a  clear  oscillatory  behavior.  These  measurements 
have  been  done  with  p  -polarized  incident  light  at  a  wave¬ 
length  of  740  nm  and  at  an  angle  of  incidence  of  45°.  The 
observed  amplitude  of  the  oscillation  is  about  two  orders  of 
magnitude  larger  than  its  linear  counterpart,  as  measured  on 
the  same  sample.9  The  solid  line  in  the  figure  is  a  least- 
squares  fit  to  the  expression 


Au  thickness  (Ml) 


FIG.  1.  Nonlinear  polar  Kerr  rotation  as  a  function  of  the  Au  overlayer 
thickness.  The  solid  line  is  a  fit  to  Eq.  (2).  The  inset  shows  the  experimental 
configuration. 


FIG.  2.  Total  generated  SH  intensity  as  a  function  of  the  Au  overlayer 
thickness.  Dots:  s-polarized  incoming  light,  squares:  p -polarized  incoming 
light.  The  solid  lines  are  fits  to  Eq.  (2). 


<2)=AXexp-^Xcos(277^  +  r)+^.  (2) 

From  this  fit  the  period  A  of  the  oscillation  is  found  to  be 
14±3  ML  with  an  attenuation  length  S  of  18 ±4  ML.  The 
maximum  measured  Kerr  angle  is  about  1.0°.  Although  this 
value  is  a  factor  of  10  larger  than  its  linear  counterpart,  the 
rotation  is  not  as  large  as  one  would  expect  from  earlier 
nonlinear  Kerr  experiments.10  One  reason  for  this  is  the  180° 
phase  difference  between  the  tensor  components  of  the  sym¬ 
metric  interfaces  Au/Co  and  Co/Au.  Because  of  the  small 
thickness  of  the  Co  film  (6  ML),  the  SH  signals  from  these 
interfaces  partly  cancel  each  other  and  reduce  the  nonlinear 
magneto-optical  effects. 

The  observed  oscillatory  character  of  the  Kerr  angle  sug¬ 
gests  that  the  quantum  size  effects  have  an  influence  on  the 
tensor  components.  Since  these  effects  will  not  only  appear 
in  the  magnetic  (odd),  but  particularly  in  the  nonmagnetic 
tensor  elements,  the  QWSs  should  also  be  observable  in  the 
total  SH  intensity.  In  Fig.  2  it  can  be  seen  that  for  both  s-  and 
p -input  polarizations  we  found  a  clear  oscillation  in  the  total 
reflected  SH  signal.  In  the  case  of  5 -polarized  incident  light, 
we  only  have  one  nonzero  tensor  element  xZyy  present  at 
both  the  Au/air  and  Au/Co  interfaces,  which  explains  the 
small  signals  here.  The  oscillation,  however,  comes  out  much 
more  pronounced  than  in  the  Kerr  measurements.  By  varying 
the  Au  overlayer  thickness  from  7  to  13  ML,  the  generated 
SH  intensity  drops  by  a  factor  of  10.  The  solid  line  in  the 
figure  is  a  least  squares  fit  of  the  measured  data  according  to 
Eq.  (2).  From  this  fit  the  period  is  found  to  be  12.6  ML,  with 
an  attenuation  length  of  18.3  ML.  For  ^-polarized  incident 
light,  a  clear  oscillation  can  be  seen  on  top  of  a  large  offset. 
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The  solid  line  is  again  a  fit  by  Eq.  (2)  with  a  period  of  13.9 
ML.  In  contrast  with  the  s -input  configuration,  now  no 
damping  is  found  in  the  oscillation.  This  can  possibly  be 
explained  by  the  different  ways  of  penetration  of  the  s-  and 
p -polarized  light  into  the  material.  For  comparison  we  also 
measured  the  linear  reflection  as  a  function  of  the  Au  thick¬ 
ness.  Within  the  experimental  uncertainty  of  ±2%,  we  found 
a  constant  value.  Our  observed  period  of  about  13.5  ML  is 
quite  remarkable,  as  earlier  linear  Kerr  measurements  (at  632 
nm)  on  the  same  sample  gave  a  period  of  7.8  ML.9  Experi¬ 
ments  on  the  oscillatory  interlayer  coupling  between  Co 
films  across  Au(lll)  gave  a  period  of  6.5  ML.14  The  differ¬ 
ence  between  the  oscillation  period  in  the  linear  and  nonlin¬ 
ear  Kerr  rotation  could  possibly  be  due  to  the  fact  that  these 
measurements  were  not  done  at  the  same  wavelength,  as  Su¬ 
zuki  et  al. 15  have  shown  that  the  period  of  the  oscillation  in 
the  magneto-optical  effect  is  energy  dependent.  To  find  out  if 
there  is  any  strong  wavelength  dependence,  we  repeated  our 
Kerr  and  SH  intensity  measurements  at  different  wave¬ 
lengths  between  740  and  1000  nm  (the  tuning  range  of  our 
Ti:sapphire  laser).  In  this  range,  however,  no  wavelength  de¬ 
pendence  of  the  period  could  be  measured.  A  more  likely 
explanation  could  be  the  difference  between  the  selection 
rules  involved  in  the  linear  and  nonlinear  optical  response. 
However,  this  point  needs  more  theoretical  investigations.  A 
final  point  of  discussion  is  the  interface  roughness,  as  SHG  is 
known  to  be  extremely  sensitive  for  this.  The  high  quality  of 
the  thickness  dependence  fits  suggests  that  the  Co/Au  inter¬ 
faces  are  very  smooth.  The  latter  was  also  confirmed  by 
other  measurements. 

In  conclusion,  we  have  observed  large  oscillations  in 
both  the  nonlinear  polar  Kerr  rotation  and  in  the  total  gener¬ 
ated  SH  intensity  from  a  perpendicularly  magnetized  Au/Co/ 
Au(lll)  sandwich  versus  the  Au  overlayer  thickness.  The 
period  of  the  oscillation  is  for  both  experiments  about  13.5 


ML.  The  oscillations  are  believed  to  originate  from  QWSs  in 
the  Au  overlayer.  Specially  for  the  total  generated  SH  inten¬ 
sity,  the  quantum  size  effects  can  be  very  large:  for  the 
s  -input  polarization,  the  SH  intensity  drops  by  a  factor  of  10 
when  the  Au  overlayer  thickness  changes  from  7  to  13  ML. 
These  large  effects  make  this  nonlinear  technique  very  suit¬ 
able  for  detecting  QW  oscillations. 
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Growth  and  magnetic  properties  of  FexH\^^x  ultrathin  films  on  Cu(100) 
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We  have  investigated  ultrathin  Fe^Nq.*  films  grown  epitaxially  on  Cu(100)  with  different 
stochiometry.  With  the  surface  magneto-optic  Kerr  effect  (SMOKE)  we  measured  the  variation  of 
the  Curie  temperature  Tc  as  a  function  of  the  film  thickness  n  in  monolayers  (ML).  Using  the  results 
of  our  previous  investigations  on  finite- size  scaling  (Huang  et  al ),  we  are  able  to  extrapolate  the 
value  rc(oo)  for  samples  with  different  Fe  content.  In  particular,  alloy  films  with  Fe  concentrations 
close  to  65%  remain  ferromagnetic.  This  is  in  contrast  to  bulk  Fe65Ni35,  which  shows  a  collapse  of 
long  range  order,  which  is  the  so-called  invar  effect  associated  with  a  fee  to  bcc  structural  transition. 

Growing  these  alloy  films  on  a  Cu(100)  substrate  forces  them  to  adapt  the  Cu  lattice  spacing, 
thereby  suppressing  the  structural  relaxation.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)  19908-1] 


I.  INTRODUCTION 

Molecular  beam  epitaxy  (MBE)  has  offered  the  possibil¬ 
ity  of  stabilizing  materials  as  thin  films  in  new  metastable 
phases,  e.g.,  fee  Co/Cu(100)  and  fee  Fe/Cu(100).  Theoretical 
studies  reveal  that  fee  Fe  can  have  several  magnetic  states.1 
Depending  on  the  lattice  constant  (or  atomic  volume)  anti¬ 
ferromagnetic  (AF),  nonmagnetic  (NM)  or  ferromagnetic 
with  high  spin  (HS)/low  spin  (LS)  phases  are  stable.  At  the 
Cu  lattice  constant,  these  magnetic  phases  are  very  close  in 
energy,  which  made  the  Fe/Cu(100)  system  very  attractive 
for  experimental  studies.2-9  The  LEED  I-  V  study  by  Muller 
et  al 10  shows  that  Fe/Cu(100)  films  with  thicknesses  up  to  4 
ML  order  in  a  heavily  distorted  fee  structure,  where  the 
atomic  volume  of  Fe  is  increased  with  respect  to  Cu.  This 
has  the  result  that  the  whole  film  is  in  a  ferromagnetic 
state.9,11  Going  to  higher  thicknesses  at  300  K,  Fe  adopts  the 
Cu  atomic  volume,  except  for  the  top  layer,  which  still  has  an 
increased  atomic  volume  before  Fe  transforms  into  the  bcc 
phase.  This  means  that  the  ferromagnetism  is  only  located  in 
the  top  layer9  while  the  rest  of  the  film  is  antiferromagneti- 
cally  ordered.8  In  simple  terms  one  can  say  that  the  Fe  atoms 
try  to  adopt  the  bulk  bcc  crystal  atomic  volume  while  at  the 
same  time  fulfilling  the  constraints  imposed  by  the  Cu  sub¬ 
strate. 

A  well-known  moment  instability  in  the  bulk  is  the  invar 
effect  in  Fe^Nq^  alloys.  At  a  Fe  concentration  of  65%  the 
magnetic  moment  deviates  strongly  from  the  Slater-Pauling 
curve,  dropping  quickly  to  zero,  as  does  the  Curie  tempera¬ 
ture,  at  which  point  a  structural  transition  from  the  fee  into 
the  bcc  phase  is  observed.12  Also,  the  thermal  expansion  is 
very  low.12  From  a  comparison  with  FePt  and  FePd  alloys, 
which  do  not  show  a  collapse  of  the  magnetic  moment,  but 
have  a  small  thermal  expansion  and  strong  reduction  of  the 
Curie  temperature12  it  seems  that  the  moment  instability  is 
not  an  invar  relevant  feature.  A  recent  study13  of  200  nm 
thick  as-grown  Fe65Ni35  films  revealed  that  the  magnetic  mo¬ 
ment  follows  the  Pauling-Slater  curve,  but  a  small  thermal 
expansion  was  still  present.  Again,  stressing  the  point  that 
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the  collapse  of  the  magnetic  moment  is  not  an  invar  relevant 
feature. 

The  bulk  lattice  constants  of  fee  Fe^Nq.*  vary  between 
3.55-3.59  A  for  concentrations  0.7>jc>0.2.14  This  gives 
only  a  very  small  lattice  mismatch  with  Cu.  This  fact  moti¬ 
vates  the  growth  of  Fe^Nq.*  films  on  Cu(100),  for  which  we 
can  expect  good  epitaxy  with  the  above  lattice  matching  ar¬ 
gument.  Furthermore,  “clamping”  Fe^Nq^  films  on 
Cu(100)  should  extend  the  concentration  range  for  which  the 
fee  structure  prevails. 

At  this  point  it  is  important  to  refer  to  the  work  of  Abri¬ 
kosov  et  al ,15  which  discusses  bulk  fee  Fe^Nq.*  through 
the  whole  concentration  range.  They  find  that  the  magnetic 
moment  collapses  at  x  =  0.75  and  the  lattice  parameter  drops 
noticeably,  this  is  due  to  the  fact  that  the  LS/NM  solution 
becomes  lower  in  energy.  We  see  that  “clamping”  FeJSfq^ 
to  a  fee  structure  alone  does  not  prevent  the  deviation  from 
the  Slater-Pauling  curve,  but  by  keeping  the  lattice  constant 
fixed  we  expect  a  suppression  of  the  invar  effect. 

II.  EXPERIMENTAL 

The  experiments  were  performed  in  an  UHV  apparatus 
previously  described16  with  a  base  pressure  of  1X10-10 
mbar,  which  was  better  than  4X10-10  mbar  during  Fe,  Ni 
codeposition.  The  Cu(100)  crystal  was  mechanically  pol¬ 
ished  and  electropolished  before  inserting  into  the  vacuum 
system.  A  few  cycles  of  Ar+  sputtering  and  annealing  re- 


FIG.  1.  Variation  of  the  specular  RHEED  intensity  during  Fe77Ni23  growth. 
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FIG.  2.  Thickness  dependence  of  Tc  for  different  alloy  concentrations.  The 
solid  line  represents  the  fit  to  the  scaling  law;  see  the  text. 

suited  in  an  ordered  and  clean  sample,  as  judged  from  LEED 
and  Auger  spectroscopy.  The  growth  rate  of  the  Fe  and  Ni 
sources  were  controlled  by  quartz  crystal  monitors  (QCM), 
which  were  calibrated  via  RHEED  oscillations  of  Fe/ 
Cu(100)  and  Ni/Cu(100).16 

The  alloy  films  were  grown  at  350  K  in  order  to  avoid 
Cu  segregation,  we  also  observed  RHEED  oscillations  dur¬ 
ing  the  growth  of  Fe^Nij.*  films,  which  indicates  good 
layer-by-layer  growth;  see  Fig.  1.  The  thickness  determined 


FIG.  3.  Comparison  between  bulk  Curie  temperatures12  (solid  squares)  and 
rc(oo)  of  the  thin  film  data  (open  squares).  Error  bars  show  variation  of  Tc 
on  fit  parameters  and  accuracy  of  composition. 

by  the  calibrated  QCM  and  by  the  RHEED  oscillations  of  the 
Fe^Nij-*  films  agree  to  within  3%.  This  confirms  our  ability 
to  control  the  thickness  and  the  stochiometry  very  accurately. 

The  presence  of  p(  1X1)  LEED  patterns  confirmed 
pseudomorphic  growth,  which  agrees  with  the  observation  of 
Dresselhaus  et  al9  who  investigated  30  ML  thick 
Fe;cNi1_^/Cu(100)  films,  withx  =  0.47,  0.64,  and  x  =  0.87. 17 

Small  C,0  contamination  were  detectable  at  the  end  of 
the  experimental  run.  With  the  surface  magneto-optical  Kerr 
effect  (SMOKE)  we  measured  the  remanence  as  a  function 
of  temperature,  thereby  determining  the  Curie  temperature 

rc. 

III.  RESULTS  AND  DISCUSSION 

Although  the  magnetic  measurements  focused  on  the  in¬ 
var  concentration  at  x^0.65,  we  investigated  the  growth  of 
Fe^Nij.j/CuQOO)  through  the  whole  concentration  range. 
We  found  RHEED  oscillations  of  the  (0,0)  beam  for  up  to  10 
ML,  which  is  exceptional  in  metal  epitaxy  and  confirms 
good  epitaxial  growth  even  better  than,  e.g.,  Ni/Cu(100).  As 
an  example  we  show  the  RHEED  oscillation  for  a 
Fe77Ni23/Cu(100)  film.  This  concentration  is  above  the  bulk 
invar  concentration,  where  the  transition  to  bcc  has  already 
occurred.  This  curve  is  qualitatively  identical  with  the 


FIG.  4.  Thickness  dependence  of  Tc  for  a  Fe75Ni25  alloy  in  the  thin  film 
limit  and  intermediate  thickness.  The  solid  line  is  fit  to  scaling  law;  the 
dashed  line  is  a  guide  for  the  eye. 


5636  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Schumann  et  at. 


RHEED  data  for  Fe^Nq.*  films,  with  x  below  65%.  We  can 
therefore  rule  out  a  sudden  transformation  into  the  bcc  phase, 
which  would  also  be  accompanied  by  a  drop  in  the  RHEED 
intensity,  like  for  Fe/Cu(100).9,18 

In  our  previous  studies,16,19  we  have  shown  that  the 
variation  of  the  Curie  temperature  Tc{n)  with  film  thickness 
n  can  be  described  with  the  empirical  scaling  law: 

Tc(n)  1 

}  — _  m 

TcM  1  +[(n-n')/norX' 

Here  n'  is  an  empirical  constant  approximately  equal  to  l.16 
The  value  of  nf  determines  the  thickness  for  which  Tc  starts 
to  be  finite.  n0  is  another  empirical  constant,  which  has  a 
value  of  approximately  3.5. 16  Tc(°°)  and  X  are  treated  as 
independent  fit  parameters. 

Equation  (1)  allows  us  to  determine  the  Tc(™)  and  com¬ 
pare  this  value  with  the  bulk  Tc  of  a  given  alloy  concentra¬ 
tion.  Obviously,  it  would  be  desirable  to  measure  Tc  for  very 
thick  alloy  films.  This  would  give  us  directly  rc(°°),  but  the 
experimental  window  is  limited,  since  at  400  K,  Cu  segrega¬ 
tion  is  noticable,  as  Auger  spectra  show.  In  Fig.  2  we  show 
Tc  as  a  function  of  the  number  of  monolayers  for  several 
alloy  films  near  the  invar  concentration.  The  solid  line  rep¬ 
resents  the  fit  to  Eq.  (1).  We  see  that  all  these  curves  show  a 
large  slope  near  the  onset  of  long-range  order.  We  can  now 
plot  Tc(°°)  as  a  function  of  concentration  and  compare  it  with 
the  Curie  temperature  of  bulk  Fe^Nij  alloys*12  see  Fig.  3. 
The  vertical  error  bars  reflect  the  uncertainty  of  the  determi¬ 
nation  of  Tc(°°),  whereas  the  horizontal  error  bars  indicate 
the  variation  of  the  concentration  during  the  deposition.  The 
important  point  here  is  that  Tc(°°)  does  not  follow  the  bulk 
behavior  and  varies  little  within  the  accuracy  of  the  fit  with 
Eq.  (1).  Also  important  is  that  the  alloy  films  are  all  ferro¬ 
magnetic,  even  beyond  the  invar  concentration,  which  is  in 
contrast  to  the  bulk  behavior,  but  is  also  at  odds  with  the 
theoretical  work  of  Abrikosov  and  co-workers.15 


Extending  the  measurements  for  a  Fe75Ni25  alloy  film  up 
to  10  ML  thickness  reveals  a  strong  deviation  from  the  scal¬ 
ing  law;  see  Fig.  4.  At  4  ML  Tc  has  dropped  when  compared 
with  the  scaling  curve,  and  increases  only  slowly  with  fur¬ 
ther  deposition.  These  results  indicate  a  structural  relaxation/ 
spin  reduction  occurring  between  3  and  4  ML  thickness. 
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I.  INTRODUCTION 

The  experimental  observation  of  interlayer  exchange 
coupling  (IXC)  of  two  magnetic  layers  through  a  nonmag¬ 
netic  spacer  layer  in  numerous  systems  has  influenced  much 
theoretical  work.  Out  of  these  there  are  two  models  that  have 
attracted  most  attention:  the  RKKY  model1  at  one  hand  and 
the  quantum  well  model  (QW)2’3  at  the  other.  These  models 
have  many  properties  in  common,  especially  that  the  cou¬ 
pling  oscillates  with  periods  given  by  the  Fermi  surface  of 
the  spacer  layer,  but  they  have  two  different  physical  origins. 
The  RKKY  model  can  be  viewed  as  that  one  magnetic  layer 
induces  a  magnetization  in  the  spacer  layer,  which  interacts 
with  the  second  layer.  In  the  QW  model  some  Bloch  states  of 
the  spacer  layer  are  confined  between  the  two  magnetic  lay¬ 
ers.  Often  this  confinement  only  occurs  when  the  two  mag¬ 
netic  layers  have  parallel  magnetization,  which  then  gives 
rise  to  a  magnetic  interaction  of  the  two  layers.  In  a  more 
general  formulation,  both  these  two  models  appear  as  two 
limits  of  the  same  theory.4  The  significant  quantity  that  enters 
this  theory  is  the  strength  of  the  interface  scattering,  or,  cor¬ 
respondingly,  the  degree  of  “confinement”  of  the  electrons 
within  the  spacer  layer. 

In  this  paper  we  present  a  realistic  calculation  of  the 
electronic  states  that  are  responsible  for  the  IXC,  and  further 
on  we  analyze  how  the  two  “models,”  RKKY  and  QW,  are 
describing  these.  The  method  we  use  here  has  recently  been 
used  successfully  to  calculate  the  IXC  of  Co/Cu  sandwiches 
in  different  orientations5'7  and  to  calculate  the  size-quantized 
states  within  a  Cu  overlayer  on  fee  Co.8  The  computational 
method  we  use  is  in  many  respects  closely  related  to  the 
general  formulation  by  Bruno,  and  is  hence  very  suitable  for 
the  present  study  of  the  size-quantized  states  coupling  the 
two  layers. 

The  system  we  have  chosen  to  study  here  is  fee  Co/Cu/ 
Co(100),  partly  because  our  earlier  work  has  shown  that  the 
method  we  employ  is  able  to  reproduce  experimental  results 
for  this  system.  But  also  because  neither  the  RKKY  model, 
the  QW  model,  nor  our  calculation  take  into  account  ex¬ 
change  enhancements  within  the  spacer  layer  that  might  be¬ 
come  of  importance  when  it  is  consisting  of  a  transition 
metal,  instead  of  a  noble  metal  as  in  the  present  case.  It  is 
also  a  natural  choice,  since  due  to  its  favorable  properties, 
this  system  has  become  the  standard  model  system  in  the 


field  of  IXC,  both  for  theoretical  work  as  well  as  for  different 
experimental  investigations. 

II.  INTERACTION-INDUCED  DENSITY  OF  STATES 

In  this  study  we  are  focusing  on  the  electronic  states  that 
arise  from  the  scattering  between  two  magnetic  layers  em¬ 
bedded  in  the  nonmagnetic  host.  The  magnetic  layers  are 
both  consisting  of  five  atomic  layers,  while  the  distance  in 
between  them  is  varied. 

The  change  of  the  electronic  structure  when  the  interac¬ 
tion  between  the  two  layers  is  allowed  for  compared  to  the 
case  of  two  independent  layers  is  calculated  in  the  way  de¬ 
scribed  in  Ref.  7.  There  it  is  derived  that  the  change  of  the 
integrated  density  of  states  (CIDOS)  due  to  the  interaction  of 
the  two  magnetic  layers  with  alignment  a  (F  or  AF),  is  given 
by 

AA^ky.w)  =  -  2  Im  In  det(  1  -  (1) 

where  co  is  the  energy  and  is  the  spin-  (cr)  and 

krdependent  t  matrix  of  the  magnetic  layer,  which  takes  care 
of  all  multiple  scattering  processes  within  the  magnetic  layer 
i.  In  Eq.  (1),  the  Green’s  function  matrix  of  the  spacer, 
G"(kt|,ft>),  describes  a  propagation  from  one  layer  to  the 
other  separated  by  n  ML  of  unperturbed  spacer  material.  It  is 
worthwhile  pointing  out  that  all  quantities  entering  Eq.  (1) 
have  been  calculated  from  first  principles  (local  spin  density 
approximation  to  density  functional  theory)  in  the  way  de¬ 
scribed  in  Ref.  7. 

In  order  to  properly  get  the  CIDOS  we  should  work  with 
the  retarded  Green’s  functions,  which  in  turn  means  that 
co=eFiS,  where  S  is  an  infinitesimal  imaginary  part.  For 
numerical  reasons  however,  S  is  here  taken  as  a  finite  con¬ 
stant.  By  numerical  differentiation  of  Eq.  (1)  with  respect  to 
the  real  part  of  the  energy,  £,  we  finally  obtain  the  change  in 
the  density  of  states  (CDOS). 

In  Fig.  1  the  CDOS  is  shown  in  an  energy  window 
around  the  Fermi  energy  for  the  case  of  spacer  layers  with 
thicknesses  of  6  and  10  ML  and  for  k|,  corresponding  to  one 
of  the  two  RKKY  calipers  of  the  “dog-bone”  of  the  Cu 
Fermi  surface,  i.e.,  <?2— (1-08,0) 7r/ <2,  where  a  is  the  lattice 
constant  of  fee  Cu.  In  both  curves  in  the  region  from  1  eV 
below  to  1  eV  above  the  Fermi  energy,  there  are  several 


5638  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)/5638/3/$1 0.00 


©  1996  American  Institute  of  Physics 


e - £F  (eV) 


FIG.  1.  The  calculated  CDOS  for  q2 ,  minority  spin,  ferromagnetic  align¬ 
ment,  and  with  interlayer  distances  of  (a)  6  ML  and  (b)  10  ML.  Both  the  full 
calculation  (solid  curve)  and  its  first-order  approximation  (dashed  curve)  is 
plotted.  The  Fermi  energy  is  at  zero  energy. 


sharp  peaks.  These  CDOS  was  calculated  for  the  states  cor¬ 
responding  to  the  minority  spin  states  of  Co,  and  with  ferro¬ 
magnetic  alignment.  For  majority  spin  states  or  antiferro¬ 
magnetic  alignment,  the  CDOS  is  much  smaller  without  any 
sharp  peaks.  These  peaks  corresponds  to  electronic  states 
strongly  confined  to  the  spacer  layer  due  the  presence  of  a 
partial  gap  in  the  minority  spin  states  of  the  cobalt  layer.6  All 
this  is  in  accordance  with  the  QW  models.2,3  Also  shown  in 
Fig.  1  are  the  first-order  approximations  (FOA)  to  Eq.  (1) 
when  expanding  the  logarithm  of  the  determinant  according 
to 

xn 

In  det(l-jc)  =  Trln(l— x)=  — Tr  S  —  •  (2) 

«  =  i  n 

These  curves  are  smoothly  oscillating  as  a  function  of  the 
energy  and  may  be  viewed  as  rising  from  the  interference 
when  states  are  reflected  only  once  at  each  layer.  To  be  noted 
is  that  the  maxima  of  the  oscillations  occur  at  exactly  the 
same  energies  as  the  sharp  peaks. 

Almost  bound  states  also  exist  for  ^  =  (0,0),  but  only 
for  larger  binding  energies.  At  the  Fermi  energy  the  full 
CDOS  is  here  rather  small  and  is  oscillating  smoothly.  In 
Fig.  2  the  CDOS  at  the  Fermi  energy  is  plotted  as  a  function 
of  the  interlayer  distances  for  the  two  stationary  ky ,  together 
with  their  respective  FOA.  For  the  q  L  curve  it  is  clear  that 
the  two  curves  are  in  close  agreement,  and  that  a  maximum 
occur  about  every  6  ML.  On  the  other  hand,  for  q2 ,  the  FOA 
curve  has  a  period  close  to  2.6  ML  while  the  full  calculation 
curve,  due  to  its  sharp  peaks,  has  an  effective  period  of  ca. 
13  ML.  So  while  the  qx  indeed  has  a  CDOS  at  Fermi  energy 
oscillating  with  the  corresponding  RKKY  period,  5.9  ML,  as 


Cu  thickness  ( ML ) 

FIG.  2.  The  CDOS  at  the  Fermi  energy  as  a  function  of  interlayer  distance 
for  the  two  stationary  ky  points:  (a)  q2  and  (b)  qx .  The  solid  curves  is  for  the 
full  calculation  and  the  dashed  curve  is  for  the  first-order  approximation. 

was  suggested  in  Ref.  3,  this  is  only  true  for  the  FOA  in  the 
case  of  q2 ,  or  if  the  sharp  peaks  would  be  broadened.  Also  to 
be  noted  is  that  while  the  maxima  of  the  CDOS  are  30  times 
larger  for  q2  than  for  qx ,  the  FOA  is  only  five  to  eight  times 
larger. 

III.  COUPLING  ENERGY 

From  the  CDOS  one  can  also  calculate  the  interlayer 
coupling  energy  (see,  e.g.,  Ref.  7).  To  calculate  the  free  en¬ 
ergy  for  one  alignment  a  of  the  two  magnetic  layers,  we 
integrate  the  CIDOS  over  the  two-dimensional  Brillouin 
zone  (BZ)  and  the  occupied  part  of  the  energy, 

Prfwf  dk,  (3) 

cr  J  J  BZ 

where  /  is  the  Fermi-Dirac  distribution  function.  While 
maybe  looking  straightforward,  this  is  a  numerically  de¬ 
manding  task.  In  order  to  avoid  numerical  problems  the  en¬ 
ergy  integral  is  here  solved  by  a  contour  integral  in  the  com¬ 
plex  energy  plane  and  the  BZ  integration  is  performed  with  a 
very  dense  mesh  of  special  points. 

For  large  interlayer  distances  it  is  possible  to  show  that 
the  contribution  to  this  integral  only  will  come  from  the 
Fermi  energy  and  there  from  stationary  calipers  of  the  Fermi 
surface  of  the  pure  spacer  layer.  The  fact  that  these  calipers 
govern  the  asymptotic  behavior  of  the  IXC  has  been  verified 
by  direct  calculation.6 

The  IXC  energy  is  calculated  for  the  same  system  as 
before.  By  dividing  the  BZ  into  two  parts,  the  q2  contribu¬ 
tion  is  separated  out  as  in  Ref.  6.  By  expanding  the  logarithm 
of  the  determinant  of  Eq.  (3),  one  can  show  that  the  FOA 
only  contributes  to  the  bilinear  coupling,  while  in  second 
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FIG.  3.  The  first-  (solid  curve)  and  second-  (dashed)  order  contribution  to 
the  coupling  constant  J  are  plotted  as  a  function  of  interlayer  distance. 

order  (SO,  the  n  =  2  term)  there  are  both  contributions  to 
bilinear,  —Jcos(O),  and  biquadratic,  —  J2  cos(2 0),  coupling 
( 9  is  the  angle  between  the  magnetic  moments  of  the  two 
layers).  In  Fig.  3  the  two  first  contributions  to  the  bilinear 
coupling  constant  J  are  plotted  for  the  q2  part  of  the  cou¬ 
pling.  As  has  been  observed  before,  the  largest  part  that  is 
from  the  FOA  follows  closely  the  RKKY  oscillation,  with  a 
period  2.6  ML.  The  SO  contribution  is  much  weaker  and  has 
a  period  between  4  and  5  ML,  in  good  agreement  with  the 
expected  4.3  ML.  This  is  the  second  harmonic  of  the  RKKY 
period  when  the  aliasing  effect  is  taken  into  account.  The 
calculated  SO  biquadratic  contribution  is  of  the  same  mag¬ 
nitude  as  the  bilinear  contribution,  and  has  a  similar  period. 
Although  small,  the  SO  contribution  to  q2  is  almost  of  the 
same  size  as  the  FOA  of  q{ ,  for  which  the  SO  is  truly  neg¬ 
ligible.  The  existence  of  higher-order  contributions  has  been 
predicted  within  the  QW  model.2 

In  the  calculations  of  IXC  coupling  here  we  have  intro¬ 
duced  a  temperature  of  1  mRy,  which  leads  to  a  broadening 
of  the  CIDOS  entering  Eq.  (3).  A  systematic  investigation  of 
the  temperature  effects  will  be  published  elsewhere. 

IV.  CONCLUSIONS 

From  a  calculation  of  the  electronic  states  mediating  the 
IXC,  it  is  found  to  be  a  fundamental  difference  of  the  nature 


between  the  states  at  the  two  different  stationary  klt  points. 

First,  for  the  qx  point  the  confinement  is  small  and  a  FOA 
describes  the  states  well.  On  the  other  hand,  due  to  the  de¬ 
velopment  of  a  partial  gap  in  the  Co  layer,6  there  is  a  strong 
confinement  for  q2  that  leads  to  almost  bound  states,  or 
“true”  QW  states. 

Since  it  is  the  FOA  part  of  the  CDOS  that  gives  rise  to 
the  RKKY-like  IXC  with  2 kFd  oscillations,  the  qx  contribu¬ 
tion  is  purely  RKKY  However,  also  for  q2  the  RKKY  part  is  \ 
dominating,  since  the  higher  harmonics  are  largely  canceled 
when  the  BZ  integration  is  performed.  Only  a  weak  SO  har¬ 
monic  is  found  with  the  expected  4 kFd  oscillation.  The  in-  ^ 
trinsic  biquadratic  coupling  appears  first  in  SO,  and  is  there¬ 
fore  only  found  for  q2 ,  where  it  is  of  the  same  magnitude  as 
the  SO  contribution  to  the  bilinear  coupling,  i.e.,  much 
weaker  than  the  full  bilinear  coupling. 

As  a  summary,  although  some  IXC-mediating  states  are 
found  to  be  confined  QW  states,  their  extra  contribution  to 
the  IXC  beyond  the  RKKY  coupling  is  rather  small  for  Co/ 
Cu(100).  But,  since  it  is  not  much  smaller  than  the  qx  con¬ 
tribution  it  could  be  possible  to  experimentally  observe  it, 
which  has  not  been  done  hitherto.  I 
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The  growth  of  Fe  on  sulphur  passivated  Ge(100):  A  technique 
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The  growth  of  Fe  on  Ge(100)  surfaces  results  in  the  intermixing  of  Ge  with  the  Fe  overlayer, 
producing  relatively  thick  magnetic  dead  layers.  In  this  paper  we  describe  a  new  technique,  the 
growth  of  Fe  overlayers  on  S-passivated  Ge(100),  which  successfully  prevents  the  intermixing  of  Ge 
with  the  Fe  overlayer.  Bcc  Fe(100)  is  observed  to  grow  epitaxially  on  this  substrate,  with  the  S 
floating  out  as  an  ordered  overlayer.  The  S  prevents  intermixing  by  acting  as  a  surfactant,  holding 
the  Fe  on  top  of  the  substrate  and  preventing  interdiffusion.  The  Fe  overlayers  are  observed  to  be 
ferromagnetic  in  nature,  displaying  sharp  hysteresis  loops  with  easy  axes  along  the  Fe[010] 
directions.  A  uniaxial  in-plane  anisotropy  is  observed,  which  results  in  the  two  easy  axes  being 
inequivalent.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)20108-8] 


I.  INTRODUCTION 

There  is  great  interest  in  developing  simple  and  efficient 
methods  for  growing  magnetic  overlayers  directly  on  semi¬ 
conductors  because  of  the  potential  for  integrating  the  de¬ 
sired  magnetic  properties  of  these  systems  with  computer 
circuitry.  However,  problems  usually  arise  because  of  inter¬ 
mixing  of  the  semiconductor  elements  into  the  overlayer, 
which  results  in  a  degradation  of  the  magnetic  properties  of 
these  systems. 

Interest  in  the  growth  of  Fe  on  Ge  stems  from  the  good 
lattice  match  between  the  materials  (1.3%  mismatch)  and  the 
fact  that  high  purity,  low  defect  Ge  wafers  are  readily  avail¬ 
able.  However,  previous  investigations  of  the  growth  of  Fe 
on  Ge(100)  have  shown  significant  difficulties,  due  to  the 
fact  that  Ge  and  Fe  form  many  alloys.1  For  Fe  growth  at 
150  °C,  while  the  films  are  well  ordered,  a  large  amount  of 
Ge  interdiffusion  was  observed.  This  resulted  in  layers  up  to 
100  A  showing  no  magnetic  moment.2  For  growth  at  lower 
temperatures,  the  amount  of  interdiffusion  was  not  as  great, 
but  the  overlayers  were  rough  and  highly  defected.2 

In  this  investigation,  the  use  of  sulphur  passivated 
Ge(100)  substrates  has  been  examined  as  a  means  to  prevent 
this  interdiffusion.  Treatment  of  Ge(100)  samples  in  an  aque¬ 
ous  ammonium  sulphide  solution  has  previously  been  shown 
to  result  in  the  formation  of  a  S-passivating  layer,  which 
prevents  surface  oxidation  in  air.3  It  is  hoped  that,  in  the 
same  manner  as  the  growth  of  Fe  on  S-passivated 
GaAs(lOO),4  this  passivation  layer  would  act  to  prevent  Ge 
intermixing  and  permit  the  growth  of  a  magnetic,  epitaxial 
Fe  overlayer. 

In  this  investigation  the  growth  of  Fe  overlayers  on 
S-passivated  Ge(100)  substrates  at  25  °C  and  150  °C  has 
been  investigated  with  Auger  electron  spectroscopy  (AES), 
angle  resolved  AES  (ARAES),  low-energy  electron  diffrac¬ 
tion  (LEED),  and  magneto-optic  Kerr  effect  (MOKE)  mea¬ 
surements.  We  will  show  that  this  method  successfully  pre¬ 
vents  the  intermixing  of  Ge  with  the  Fe  overlayer.  Bcc 
Fe(100)  is  observed  to  grow  epitaxially  on  this  substrate, 


^Present  address:  Dept,  of  Physics,  University  of  California,  Davis,  CA 
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with  the  S  floating  out  as  an  ordered  overlayer.  The  S  pre¬ 
vents  intermixing  by  acting  as  a  surfactant,  holding  the  Fe  on 
top  of  the  substrate  and  preventing  interdiffusion.  The  Fe 
overlayers  are  observed  to  be  ferromagnetic  in  nature,  dis¬ 
playing  sharp  hysteresis  loops  with  easy  axes  along  the 
Fe[010]  directions.  A  uniaxial  in-plane  anisotropy  is  ob¬ 
served,  which  results  in  the  two  easy  axes  being  inequiva¬ 
lent. 

II.  EXPERIMENT 

The  experiments  were  carried  out  on  a  two-chamber 
UHV  system.  The  main  growth/analysis  chamber  is  diffusion 
and  sublimation  pumped,  achieving  a  base  pressure 
<1X10-10  Torr.  The  chamber  is  equipped  with  a  Fe  evapo¬ 
ration  source,  a  four-grid  retarding  field  analyzer  for  LEED 
measurements,  and  a  CLAM  electron  energy  analyzer 
(Fisons  Instruments)  for  AES  and  ARAES  measurements.  It 
is  also  interfaced,  via  a  two  stage  differential  pumping  sta¬ 
tion,  to  a  2.5  MV  van  de  Graaff  accelerator,  which  can  be 
utilized  for  ion  beam  measurements.  The  LEED  images  were 
collected  with  a  CCD  camera  from  the  LEED  screen  and 
recorded  on  videotape.  The  VCR  is  interfaced  to  a  computer 
system,  allowing  subsequent  analysis  of  the  LEED  spot  in¬ 
tensities  and  widths. 

The  second  chamber  is  a  UHV  loadlock  chamber, 
pumped  with  a  diffusion  pump  backed  turbo  pump  (base 
pressure  2X10-10  Torr).  This  chamber  has  a  magnetic  trans¬ 
fer  arm  for  sample  transfer  between  the  two  systems  and  is 
equipped  with  the  MOKE  apparatus  for  magnetic  character¬ 
ization  of  the  samples. 

Ge  wafers  [aligned  to  within  0.25°  of  the  (100)  direc¬ 
tion]  from  the  Semiconductor  Processing  Company,  were  uti¬ 
lized  in  this  investigation.  The  samples  were  prepared  by  an 
ex-situ  S-passivation  treatment.  First,  the  samples  were  de¬ 
greased  in  hot  methanol  (50  °C-60  °C)  and  then  immersed 
in  an  aqueous  ammonium  sulphide  [(NH4)2S]  solution  at 
65  °C  for  20  min.  At  the  end  of  this  treatment  the  samples 
were  rinsed  in  methanol,  blown  dry  with  He,  and  inserted 
into  the  loadlock  chamber.  Samples  prepared  in  this  manner 
exhibit  a  (1X1)  LEED  pattern  without  any  further  prepara¬ 
tion.  The  presence  of  a  small  amount  of  C  and  O  contami¬ 
nation  was  detected.  Prior  to  Fe  deposition  the  samples  were 
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FIG.  1.  The  S,  Fe,  and  Ge  AES  intensities  during  Fe  deposition  at  25  °C. 


annealed  to  190  °C,  which  results  in  an  improvement  in  the 
surface  order3  and  removal  of  the  surface  contamination. 

The  Fe  was  deposited  from  a  liquid  nitrogen  shrouded 
sublimation  source  onto  the  substrate,  at  a  rate  of  1.6  ML 
min  [where  1  ML  corresponds  to  the  Fe(100)  surface  den¬ 
sity].  The  Fe  coverages  were  determined  via  a  Rutherford 
backscattering  calibration  of  the  evaporation  rate  onto  an  A1 
substrate.5 


III.  RESULTS  AND  DISCUSSION 

AES  measurements  were  utilized  to  look  for  Ge  interdif¬ 
fusion  into  the  Fe  overlayer  during  Fe  deposition.  Figure  1 
illustrates  the  intensity  of  the  S  (152  eV),  Fe  (703  eV),  and 
Ge  (1147  eV)  AES  signals  during  Fe  deposition,  with  the 
substrate  held  at  25  °C.  The  Fe  signal  is  observed  to  increase 
with  coverage  as  expected,  beginning  to  level  off  at  about  7 
ML.  The  S  signal  is  observed  to  decrease  slightly  for  Fe 
coverages  up  to  25  ML.  This  suggests  that,  as  in  the  growth 
of  Fe/S/GaAs(100),4  the  S  floats  out  on  top  of  the  Fe  surface 
during  overlayer  growth,  perhaps  helping  to  stabilize  the 
high-energy  Fe  surface.  The  Ge  signal  is  observed  to  de¬ 
crease  exponentially  with  Fe  coverage,  being  undetectable 
by  a  coverage  of  about  18  ML.  These  results  indicate  that  Ge 
is  not  intermixed  through  the  Fe  overlayer.  For  growth  with 
the  substrate  held  at  150  °C,  similar  results  were  observed, 
indicating  that  the  interdiffusion  is  also  prevented  at  elevated 
temperatures. 

As  most  of  the  S  floats  out  on  top  of  the  film,  the  most 
likely  mechanism  by  which  the  S  prevents  interdiffusion  is 
by  acting  as  a  surfactant.  Thus,  as  Fe  is  deposited  the  S 
preferentially  bonds  to  the  Fe,  holding  it  on  top  of  the  Ge 
substrate,  preventing  any  chemical  interaction.  As  further  Fe 
is  deposited,  the  S  floats  out,  and  is  no  longer  attached  to  the 
Fe  at  the  Fe/Ge  interface.  However,  now  the  Ge  can  only 
diffuse  into  the  overlayer  by  bulk  diffusion  (as  opposed  to 


FIG.  2.  The  change  in  intensity  of  two  LEED  spots  during  Fe  deposition  at 
150  °C.  The  circles  represent  the  Ge[2,0]  and  Fe[l,l]  LEED  spots,  while  the 
squares  represent  the  S/Fe(100)  [1/2, 1/2]  LEED  spots. 


surface  diffusion  in  the  absence  of  S).  Bulk  diffusion  is  a 
more  highly  activated  process,  and  does  not  appear  to  be 
energetically  feasible  at  these  temperatures. 

The  structure  of  the  Fe  overlayers  were  investigated  with 
LEED  and  ARAES  experiments.  LEED  was  used  to  examine 
the  long  range  order  of  the  samples  during  Fe  deposition. 
Initially,  the  S/Ge(100)  substrate  showed  a  good,  sharp 
(1X1)  LEED  pattern.  As  Fe  was  deposited  at  25  °C  the  sub¬ 
strate  pattern  was  observed  to  fade  into  an  increasing  back¬ 
ground,  completely  disappearing  by  the  time  2  ML  of  Fe  had 
been  deposited.  As  more  Fe  was  deposited  an  overlayer  pat¬ 
tern  begins  to  develop  at  a  coverage  of  approximately  5  ML. 
The  diffraction  beams  were  extremely  broad,  with  the  spots 
being  approximately  four  times  the  width  of  the  substrate 
pattern.  As  further  Fe  was  deposited,  the  pattern  increased  in 
strength,  but  was  never  observed  to  sharpen.  Thus,  while 
growth  at  25  °C  proceeds  without  any  significant  interdiffu¬ 
sion,  the  overlayer  is  not  well  ordered  and  likely  highly  de¬ 
fected,  as  observed  in  the  previous  study  of  Fe/Ge(100).2 

Figure  2  displays  the  intensity  of  two  LEED  spots  during 
Fe  deposition  at  150  °C.  As  for  deposition  at  25  °C,  the  sub¬ 
strate  LEED  pattern  is  observed  to  fade  into  an  increasing 
background  during  the  initial  phase  of  deposition,  disappear¬ 
ing  completely  by  an  Fe  coverage  of  2  ML.  With  further  Fe 
deposition,  a  pattern  due  to  the  Fe  overlayer  begins  to  form 
at  a  coverage  of  4.5  ML.  However,  at  this  temperature  the 
pattern  is  considerably  sharper,  with  the  spot  widths  being 
comparable  to  those  of  the  initial  substrate  pattern,  indicating 
that  the  Fe  overlayer  is  as  well  ordered  as  the  substrate. 
Comparison  of  the  observed  energy  dependence  of  the  pat¬ 
tern  with  previous  LEED  IV  data6  identified  this  pattern  as 
being  due  to  c(2X2)S  Fe(100). 

ARAES  measurements  have  proven  to  be  a  useful  tech¬ 
nique  in  examining  the  short  range  order  of  metal  overlayer 
systems.7  In  this  technique,  modulations  in  the  angular  dis- 
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FIG.  3.  MOKE  hysteresis  loops  for  various  Fe  films  grown  at  25  °C.  The 
effect  of  the  uniaxial  anisotropy  can  be  seen  in  the  presence  of  two-step 
hystersis  loops. 


tribution  of  the  AES  electrons  are  used  to  gain  information 
about  the  local  structural  environment  of  the  emitting  atoms. 
ARAES  measurements  of  this  system  show  that  the  Fe  over¬ 
layers  grow  as  bcc  Fe(100)  on  the  S/Ge(100)  substrate. 

The  magnetic  properties  of  the  samples  were  determined 
by  MOKE  measurements.  Ferromagnetic  behavior  is  ob¬ 
served  for  samples  grown  at  both  temperatures  for  coverages 
above  3  ML,  with  the  magnetic  signal  increasing  in  strength 
as  the  Fe  coverage  increases.  The  easy  axes  are  located  along 
the  [010]  directions,  as  expected.  Figure  3  displays  the  hys¬ 
teresis  loops  for  some  Fe  overlayers.  In  some  of  the  MOKE 
data  a  two-step  hysteresis  loop  is  observed.  We  propose  that 
this  is  due  to  the  presence  of  a  uniaxial  anisotropy  (as  pre¬ 
viously  observed  for  growth  on  GaAs8  and  MgO9  sub¬ 
strates),  which  makes  the  two  easy  axes  inequivalent  (one  is 
easier  than  the  other).  When  the  applied  magnetic  field  is 
along  the  easier  axis,  a  sharp,  square  hysteresis  loop  is  ob¬ 
served.  When  it  is  along  the  less  easy  axis,  the  two-step  loop 


is  observed.  In  this  loop,  the  outer  transitions  represent  the 
switching  to  domains  aligned  with  the  magnetic  field.  The 
inner  transitions  represent  the  magnetic  domains  aligning 
along  the  easier  axis  in  the  low-field  condition,  only  aligning 
with  the  applied  field  when  it  is  strong  enough  to  overcome 
the  uniaxial  anisotropy.  The  variation  of  the  apparent  coer- 
civity  of  the  inner-loop  is  puzzling  and  of  unknown  origin. 
Further  FMR  experiments  are  planned  to  investigate  the 
presence  of  this  anisotropy  directly. 

IV.  CONCLUSIONS 

We  have  shown  that  the  use  of  S-passivated  Ge(100)  as 
a  substrate  for  the  growth  of  Fe  overlayers,  successfully  pre¬ 
vents  the  interdiffusion  of  Ge  into  the  overlayer  at  tempera¬ 
tures  of  25  °C  and  150  °C.  Bcc  Fe(100)  is  observed  to  grow 
on  this  surface,  being  stabilized  by  the  continual  segregation 
of  the  S  into  an  ordered  c(2X2)  overlayer.  The  S  prevents 
intermixing  by  acting  as  a  surfactant,  holding  the  Fe  on  top 
of  the  substrate  and  preventing  interdiffusion.  For  deposition 
at  25  °C,  the  Fe  overlayer  is  poorly  ordered  and  likely  highly 
defected.  However,  for  deposition  at  150  °C,  the  Fe  over¬ 
layer  is  as  well  ordered  as  the  initial  substrate.  The  Fe  over¬ 
layers  are  ferromagnetic  in  nature,  displaying  good  MOKE 
hysteresis  loops.  The  [010]  directions  are  the  easy  axes,  how¬ 
ever,  the  presence  of  an  uniaxial  anisotropy  results  in  the  two 
(010)  directions  being  inequivalent  (one  is  magnetically 
easier  than  the  other).  A  possible  interpretation  of  these  ob¬ 
servations  would  be  in  terms  of  an  in-plane  anisotropy. 
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Recently,  there  has  been  considerable  interest  in  examining  the  feasibility  of  using  proximal  probe 
techniques  as  the  basis  for  a  data  storage  device.  These  techniques,  derived  from  the  scanning 
tunneling  microscope  (STM)  and  atomic  force  microscope  (AFM),  provide  a  potential  pathway  to 
reaching  the  ultrahigh  densities  needed  in  the  decades  ahead.  While  these  techniques  offer  high  areal 
density,  a  number  of  formidable  technical  challenges  must  be  met,  however,  in  order  to  produce  a 
device  with  realistic  data  rate,  error  rate,  and  overall  reliability.  In  this  talk  we  will  review  some  of 
the  approaches  that  have  been  taken,  including  those  based  on  the  STM,  the  AFM,  and  near-held 
optics.  We  will  focus  on  the  efforts  in  our  laboratory  to  demonstrate  realistic  data  rates  at  reasonably 
high  densities  using  thermomechanical  writing  with  an  AFM  tip,1  and  near-held  recording  with  a 
solid  immersion  lens.2  The  prospects  for  parallel  tip  arrays  and  issues  of  overall  implementation  will 
also  be  addressed.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)46 108-6] 
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2B.  D.  Terris,  H.  J.  Mamin,  D.  Rugar,  W.  R.  Studenman,  and  G.  S.  Kino, 
Appl.  Phys.  Lett.  65,  388  (1995). 
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Recording  performance  of  submicron  track  width  thin  film  heads 
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This  spin-stand  measurement  study  focuses  on  recording  characteristics  at  submicron  scale  track 
width.  The  pole  tips  of  a  set  of  identical  thin  film  heads  were  trimmed  from  the  air-bearing  surface 
by  focused  ion  beam  etching.  A  set  of  thin  film  heads  with  track  widths  ranging  from  W= 2  pm  to 
^=0.5  pm  were  produced.  Recording  experiments  were  performed  on  a  high  precision  spin-stand 
tester  using  these  heads.  Both  on-track  and  off-track  performances  were  studied  and  analyzed.  As 
the  track  width  is  scaled  down,  degrading  of  recording  performance  's  observed.  When  the  width  of 
a  recording  head  is  decreased,  the  onset  of  partial  erasure  occurs  at  a  lower  density,  and  the  noise 
power  per  unit  head  track  width  increases.  Further  investigation  on  the  track  profiles  reveals  that  the 
extent  of  partial  erasure  is  higher  at  the  track  edge  as  density  increases,  and  this  phenomenon  is 
more  pronounced  in  narrower  track  width  heads.  ©  1996  American  Institute  of  Physics. 
[S0021~8979(96)  10208-0] 


I.  INTRODUCTION 

In  the  recent  IBM  3  Gbits/in.2  recording  demonstration, 
it  was  shown  that  high  track  density  approach  seemed  to 
have  a  fundamental  advantage  over  high  linear  density 
approach.1,2  In  order  to  achieve  high  tracks  per  inch  (TPI), 
understanding  of  the  recording  performance  of  narrow  track 
thin  film  heads  becomes  critical.  Here,  we  present  an  experi¬ 
mental  study  on  recording  and  side  writing  properties  of  sub¬ 
micron  track  width  thin  film  heads.  Focused  ion-beam  etch¬ 
ing  process  was  employed  to  trim  the  pole  tips  from  the  air 
bearing  surface  (ABS).  The  recording  characteristics  at  sub¬ 
micron  scale  track  width  were  investigated  by  spin-stand 
measurements  using  the  trimmed  heads.  The  performance  of 
the  test  heads  was  first  evaluated  in  terms  of  their  frequency 
responses,  which  include  frequency  domain  partial  erasure,3,4 
resolution,  and  integrated  noise  power  measurements.  Com¬ 
parison  among  the  test  heads  was  made  based  on  these  basic 
signal  and  noise  measurements.  Finally,  the  use  of  frequency 
domain  partial  erasure  measurement  was  extended  to  off¬ 
track  measurements.  Combining  partial  erasure  and  track 
profile  measurements,  the  actual  track  width  and  the  integrity 
of  the  track  edge  of  narrow  tracks  at  different  linear  densities 
were  compared. 

II.  EXPERIMENT 

The  pole  tips  of  two  sets  of  identical  thin  film  inductive 
heads,  4.5  pm  wide  each,  were  trimmed  from  the  ABS  by 
high  precision  focused  ion  beam  etching  with  a  beam  diam¬ 
eter  less  than  10  nm.  The  final  widths  of  the  trimmed  heads 
ranged  from  W= 2  pm  to  W=0.5  pm.  The  trimming  depth 
was  about  1  pm,  approximately  equals  to  the  throat  height  of 
the  heads.  One  head  in  each  set  was  left  untrimmed  for  com¬ 
parison  of  recording  performance.  The  sliders  of  the  heads  in 
set  A  are  conventional  designs  with  a  fly  height  of  about  3 
pin.  The  sliders  of  the  heads  in  set  B  are  of  “tripad”  type 
with  a  fly  height  less  than  1  pin.  The  parameters  of  the  heads 
and  disk  are  given  in  Table  I. 

The  recording  experiments  were  performed  on  a  high 
precision  spin-stand  tester  with  a  close  loop  laser  interferom¬ 


eter  positioning  mechanism,  which  had  a  resolution  of  0.026 
pm.  The  linear  velocity  between  the  head  and  medium  was 
kept  at  12  m/s  in  each  test,  and  the  same  head  was  used  for 
writing  and  playback.  Write  current  was  adjusted  to  obtain 
the  best  overwrite  for  each  head. 

III.  SPIN-STAND  TEST  RESULTS  AND  DISCUSSION 
A.  Nonlinear  partial  erasure  and  resolution 

The  recording  performance  of  the  test  heads  was  first 
examined  by  a  partial  erasure  measurement.  Nonlinear  par¬ 
tial  erasure  is  defined  as  the  nonlinear  amplitude  reduction  of 
playback  voltage  at  high  recording  densities.  In  this  measure¬ 
ment,  all  1  ’s  patterns  were  recorded  at  two  recording  densi¬ 
ties  D  and  Df ,  such  that  the  higher  density  was  three  times 
greater  than  the  lower  one  ( D'  =  3D ).  By  comparing  the 
amplitude  of  the  fundamental  component  of  the  voltage 
spectrum  for  the  high  density  (3©)  pattern  to  that  of  the  3rd 
harmonic  for  the  low  density  ( D )  pattern,  the  nonlinear  par¬ 
tial  erasure  can  be  measured  by  the  ratio  R,  defined  as 

R^V3D(  lst)/3Vlz>(3rd)  (1) 

where  V3Z)(lst)  is  the  amplitude  of  the  1st  harmonic  of  a 
squarewave  track  written  at  density  3D,  and  V1D(3rd)  is  the 
amplitude  of  the  3rd  harmonic  of  a  track  written  at  density 
D.  In  the  experiments,  density  D  was  kept  low  enough  to 
ensure  that  linear  superposition  was  valid  for  the  lower  den¬ 
sity  track.  Figure  1(a)  shows  the  measured  partial  erasure 
ratio  as  a  function  of  the  density  (Df)  for  the  three  heads  in 
set  A  (high  fly  height).  The  partial  erasure  ratio  R  is  unity  at 
low  density  when  linear  superposition  still  holds  for  both 
tracks,  then  it  starts  to  drop  below  unity  as  density  increases, 
indicating  the  onset  of  partial  erasure  for  the  high  density 
track.  It  is  interesting  to  note  that  the  onset  of  the  partial 
erasure  for  narrower  heads  occurs  at  significantly  lower  re¬ 
cording  densities.  The  slope  of  the  partial  erasure  drop  also 
becomes  slightly  steeper  for  narrower  heads  at  high  densi¬ 
ties.  Figure  1(b)  shows  the  partial  erasure  curves  for  the  three 
heads  in  set  B  (low  fly  height).  At  this  lower  fly  height, 
similar  dependence  of  the  onset  of  the  partial  erasure  is  ob- 
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TABLE  I.  Parameters  of  the  heads  and  disk  used  in  the  experiments. 


Head 

P1/P2  width(/un) 

W 

Gap(/zm) 

8 

Fly  height(/tin.) 

y 

A 1 

4.50 

0.25 

3 

A2 

2.00 

0.25 

3 

A3 

0.50 

0.25 

3 

B 1 

4.50 

0.22 

1 

B2 

2.00 

0.22 

1 

B3 

0.75 

0.22 

1 

Disk 

Hc(Oe) 

MrT(memu/cm2) 

5* 

2200 

0.79 

0.87 

served,  which  is  the  quickening  of  the  onset  of  partial  erasure 
with  reducing  head  width.  Comparing  the  two  sets  of  heads, 
lower  fly  height  delays  the  onset  of  partial  erasure,  while  the 
rate  of  partial  erasure  drop  remains  virtually  unchanged. 

The  strong  dependence  of  the  onset  of  partial  erasure  on 
head  width  can  be  accounted  for  by  two  factors:  (1)  As  head 
width  decreases,  the  on-track  field  gradient  is  degraded,  re¬ 
sulting  in  intertransition  percolation  at  lower  recording  den- 


(a) 


(b) 


FIG.  1.  Partial  erasure  vs  recording  density  for  the  (a)  high  flying  heads  (set 
A),  and  (b)  low  flying  heads  (set  B). 


FIG.  2.  Measured  noise  power  (at  3900  fr/mm)  as  a  function  of  head  width. 
Dashed  line  represents  the  expected  noise  power  using  the  4.5  yum  head  as  a 
reference.  Excess  noise  is  sensed  by  the  head  as  head  width  decreases. 


sides;  (2)  partial  erasure  can  be  dominated  by  transition  per¬ 
colation  near  the  track  edges  which  results  in  an  effective 
track  width  reduction.  Since  the  fly  height  and  gap  length  of 
the  heads  in  the  experiments  are  still  significantly  smaller 
than  the  head  width,  the  on-track  field  gradient  should  not  be 
seriously  affected  by  the  width,  and  the  dependence  is  most 
likely  to  be  attributed  to  the  second  factor:  transition  perco¬ 
lation  at  the  track  edges. 

Since  better  performance  was  obtained  for  the  heads  in 
set  B,  only  these  heads  were  used  in  further  signal  and  noise 
measurements.  Resolution  measurements  show  the  D50  (den¬ 
sity  at  which  the  signal  amplitude  drops  to  half  of  its  low 
density  value)  for  heads  5 1 ,  #2,  and  53  are  5200,  4600,  and 
3400  fr/mm,  respectively,  which  again  indicates  recording 
performance  degrades  with  decreasing  head  width.  The  dif¬ 
ferences  among  the  resolution  curves  can  be  explained  by  the 
differences  in  the  isolated  pulse  width.  For  heads  51,  52, 
and  53,  the  widths  are  358,  403,  and  546  nm,  respectively. 
Therefore,  the  degrading  of  recording  performance  can  be 
attributed  to  an  effective  broadening  of  transitions,  probably 
due  to  edge  percolation  caused  by  the  poor  writability  of  the 
saturated  comers  of  the  pole  tips. 

B.  Medium  noise  power 

Since  edge  effects  become  significant  for  these  narrow 
heads,  noise  near  the  track  edge  can  be  a  significant  portion 
of  the  total  amount  of  medium  noise.  Transition  noise  can 
increase  significantly  in  submicron  tracks  due  to  the  men¬ 
tioned  edge  transition  broadening  effects.  In  addition,  as  the 
head  width  is  reduced  to  submicron  scale,  the  so-called 
erased  band,  in  which  track  edge  noise  manifest  itself,5  can 
have  a  width  comparable  to  the  recorded  track.  Therefore, 
the  measured  medium  noise  power  at  a  high  density  (3900 
fr/mm)  no  longer  scales  linearly  to  zero  with  the  head  width, 
as  shown  in  Fig.  2.  The  “expected”  noise  power,  or  linear 
extrapolation  of  noise  power  against  head  width  is  obtained 
using  the  4.5  /mi  wide  head  as  a  reference.  As  the  head 
width  is  reduced,  the  measured  medium  noise  power  exceeds 
the  linear  extrapolation  by  an  increasing  amount.  This  indi¬ 
cates  the  medium  noise  power  sensed  by  the  narrower  heads 
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(a) 


Cross  Track  (/-tm) 

(b) 

FIG.  3.  Track  profiles  of  the  ID  and  the  3D  tracks.  3rd  harmonic  of  the  ID 
track  and  1st  harmonic  of  the  3D  track  are  measured  using  the  (a)  4.50  yum 
wide  and  (b)  0.75  fm\  wide  low  flying  heads. 

is  dominated  by  the  noise  near  the  track  edge,  which  includes 
noise  from  broadened  edge  transitions  and  track  edge  noise. 

C.  Cross-track  profile 

In  order  to  examine  the  integrity  of  recorded  transitions 
in  the  cross-track  direction,  the  same  technique  as  used  in  the 
partial  erasure  measurements  was  employed  to  study  the 
cross-track  profiles  at  different  recording  densities.  Figure 
3(a)  shows  two  measured  cross-track  profiles  for  head  B 1 
(W=4.50  /mi),  measured  using  a  step  size  of  0.2  yam.  The 
triangular  symbols  represent  the  3rd  harmonic  voltage  ampli¬ 
tude  for  a  track  recorded  at  density  D= 2200  fr/mm  and  the 
amplitude  is  scaled  up  by  a  factor  of  three.  The  circular 
symbols  represent  the  fundamental  component  of  the  voltage 
amplitude  for  a  track  recorded  at  density  D'  =  3D  =  6600 
fr/mm,  at  which  the  partial  erasure  ratio  R  is  0.88.  Since  the 
voltage  harmonics  were  measured  at  the  same  frequency,  the 
same  head  sensitivity  functions  were  assured  for  these  two 
different  recording  densities.  In  the  absence  of  partial  era¬ 
sure,  the  two  profiles  should  coincide  with  each  other.  How¬ 
ever,  in  our  case,  the  cross-track  profile  for  the  higher  density 
track  exhibits  a  plateau  in  the  center,  whereas  the  plateau  is 
much  less  significant  for  the  lower  density  track.  Also,  the 
slopes  beyond  the  plateau  of  the  cross- track  profiles  are  simi¬ 


lar  for  the  two  recording  densities.  The  triangular  shaped 
profile  for  the  lower  density  track  indicates  that  the  read  and 
write  widths  are  essentially  the  same.  The  pronounced  pla¬ 
teau  for  the  higher  density  track  indicates  that  the  actual 
track  width  becomes  smaller  than  the  read  track  width.  This 
measurement  confirms  that  the  onset  of  the  partial  erasure 
shown  in  Fig.  1(b)  is  mainly  due  to  transition  percolation  at 
track  edges.  In  other  words,  partial  erasure  starts  from  the 
track  edge  and  yields  an  effective  track  width  reduction. 

Figure  3(b)  shows  similar  track  profiles  measured  using 
head  B3  (W=0.15  /mi).  In  this  case,  D  =  1700  fr/mm  and  the 
step  size  is  decreased  to  0.1  yam.  A  reduction  in  track  width 
in  the  higher  density  track  is  again  observed,  as  indicated  by 
the  increased  plateau  width  and  narrow  base.  The  extent  of 
the  reduction,  however,  is  relatively  more  significant  in  this 
case  of  a  much  narrower  track.  The  decrease  in  the  width  of 
the  higher  density  track  is  much  more  pronounced,  and  there 
is  also  an  increase  in  the  curvature  of  the  slopes  near  the  base 
of  the  profile.  This  increased  curvature  indicates  the  signal 
near  the  edge  of  the  higher  density  track  is  weaker  compared 
to  the  rest  of  the  track,  due  to  track  edge  percolation. 

The  track  profile  measurement  confirms  the  poor  writ- 
ability  of  the  edges  of  the  heads,  which  is  likely  to  be  caused 
by  the  saturation  at  the  comers  of  the  pole  tips.  This  comer 
saturation  degrades  the  effective  write  field  gradient,  reduces 
track  width,  and  essentially  broadens  transitions.  As  the  satu¬ 
rated  comers  become  a  significant  portion  of  the  head  as 
head  width  decreases,  the  edge  field  dominates  the  perfor¬ 
mance  of  the  head.  As  a  result,  partial  erasure  at  high  densi¬ 
ties  mainly  comes  from  edge  erasure  in  submicron  tracks. 
The  narrower  the  track,  the  worse  the  effective  field  gradient 
because  of  the  increase  in  proportion  of  the  poor  writing 
comers.  It  is  the  degraded  write  field  that  quickens  the  onset 
of  partial  erasure  in  narrower  tracks.  The  degradation  is  also 
reflected  in  the  medium  noise  measurement,  and  eventually 
confirmed  by  the  track  profile  measurement. 

IV.  CONCLUSION 

Recording  performance  of  submicron  track  thin  film 
heads  was  systematically  examined  by  spin-stand  measure¬ 
ments.  As  head  width  is  reduced,  the  onset  of  partial  erasure 
shifts  to  lower  densities,  and  an  excess  amount  of  noise  is 
sensed  by  the  narrow  heads.  Analysis  of  track  profiles  shows 
that  the  degradation  of  performance  originates  at  the  edge  of 
a  recorded  track.  It  is  concluded  that  for  the  narrow  track 
heads,  partial  erasure  starts  from  the  track  edge  and  effec¬ 
tively  reduces  the  track  width  at  high  recording  densities.  It 
is  believed  that  the  head  comer  saturation  is  partially  respon¬ 
sible  for  the  degradation  of  recording  performance  for  the 
narrow  heads.  High  moment  write  heads  may  be  necessary  to 
keep  the  comers  of  the  pole  tips  free  of  saturation. 

1 C.  Tsang,  H.  Santini,  D.  McCown,  J.  Lo,  and  R.  Lee,  TMRC’95  (to  be 
published). 

2C.  Tsang,  J.  Appl.  Phys.  69,  5393  (1991). 

3X.  Che,  IEEE  Trans.  Magn.  31,  3021  (1995). 

4J.-G.  Zhu,  T.  T.  Lam,  Y.  Luo,  and  X.  Ye,  these  proceedings. 

5J.-G.  Zhu,  X.-G.  Ye,  and  T.  C.  Arnoldussen,  IEEE  Trans.  Magn.  29,  324 
(1993). 
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High-frequency  recording  is  essential  for  a  recording  channel  with  both  a  high  data  rate  and  a  high 

linear  recording  density,  and  this  study  examined  the  ways  in  which  performances  are  affected  by  < 

the  switching  time  of  the  write  current.  ts ,  and  the  disk  velocity,  v .  The  switching  time,  defined  as 

(tr+  tf)l2,  where  tr  and  tf  are  the  rise  time  and  the  fall  time  of  the  write  current,  was  changed  from 

5  to  20  ns,  while  v  was  changed  from  12  to  26  m/s.  Co-based  thin-film  media  with  a  coercivity  of 

about  2.5  kOe  and  a  remanence-thickness  product  of  about  100  G  pm  were  used  for  recording  the 

data.  The  flying  height  of  the  head  was  maintained  at  50  nm  regardless  of  disk  velocity.  This  study 

confirmed  that  the  overwrite  characteristics  are  strongly  related  to  the  product  of  ts  and  v .  Overwrite  I 

here  was  defined  as  the  ratio  of  the  residual  fundamental  frequency  component  amplitude  of  a  21 

kFCI  signal  to  the  original  one  after  overwriting  with  a  86  kFCI  signal.  Suitable  overwrite 

characteristics  were  obtained  when  tf  v  was  smaller  than  rra,  where  a  is  the  transition  parameter 

derived  from  the  equation  proposed  by  Williams  and  Comstock.1  The  transition  length  on  the 

medium  was  determined  primarily  by  ttci  when  tf  u  was  smaller  than  tta,  but  was  determined  by 

tfv  when  tfv  was  larger  than  tt a.  Linear  density  characteristics  and  noise  characteristics  and  their 

relationship  to  the  medium  properties  will  also  be  addressed  in  this  talk.  ©  1996  American 

Institute  of  Physics.  [S0021-8979(96)46208-2] 
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Bit-shift  performance  was  investigated  at  different  skew  angles  and  for  media  with  different 
orientation.  Results  indicate  that  the  bit-shift  value  increases  as  the  skew  angle  increases  for  both 
planar  orientated  media  and  near-isotropic  media.  As  the  skew  angle  increases,  the  off-track 
capability,  described  by  the  bit  shift  at  different  off-track  distances,  decreases  and  the  bit-shift  profile 
becomes  asymmetric.  Comparison  of  normalized  bit-shift  values  (normalized  according  to  the  bit 
shift  at  0°  skew  angle)  shows  that  the  bit  shift  of  the  near-isotropic  media  is  not  as  sensitive  to  skew 
angle  variation  as  the  media  with  strong  orientation.  ©  1996  American  Institute  of  Physics . 
[S002 1-8979 (96)  10308-7] 


I.  INTRODUCTION 

Rotary  actuators  are  used  in  most  of  today's  disk  drives 
for  the  positioning  of  read/write  heads.  The  rotary  actuator 
introduces  a  varying  skew  angle  at  different  radii.  The  skew 
angle,  the  angle  between  track  direction  and  slider  direction, 
can  vary  by  as  much  as  25°-30°  in  present  disk  drive 
design.1  It  has  been  reported  that  a  nonzero  skew  angle  will 
make  recording  performance  asymmetric  from  the  track  cen¬ 
ter.  Reported  results  also  show  that  a  nonzero  skew  angle 
will  also  induce  offset  of  transitions  from  the  track  center 
and  an  increase  in  side  reading.2 

Bit  shift,  which  occurs  in  closely  spaced  data  bits,  affects 
performance  of  various  detection  schemes.  Bit-shift  analysis 
measures  the  timing  aperture  of  a  recording  system  and 
evaluates  the  expected  error  rate.  Bit-shift  testing  and  char¬ 
acterization  are  important  parts  in  recording  system  design. 

Though  bit-shift  performance  at  different  recording  con¬ 
ditions  has  been  studied,3  a  report  on  the  bit-shift  perfor¬ 
mance  at  different  skew  angles  has  not  been  seen  yet.  Fur¬ 
thermore,  not  much  work  on  the  relationship  between  media 
orientation  and  bit-shift  performance  at  different  skew  angles 
has  been  addressed,  even  though  the  effects  of  media  orien¬ 
tation  on  transition  noise  and  the  signal-to-noise  ratio  have 
been  reported.4,5 

This  paper  presents  results  of  experimental  investiga¬ 
tions  on  the  bit-shift  performance  at  different  skew  angles. 
Special  attention  is  also  paid  to  the  impact  of  the  skew  angle 
on  the  off-track  capability  and  media  with  different  orienta¬ 
tions. 

II.  EXPERIMENT 

A.  Bit-shift  profile  and  off-track  capability 

Both  track  profiles  and  bit-shift  profiles  can  be  used  to 
describe  the  off-track  capability  of  a  given  head-disk  integra¬ 
tion.  The  bit-shift  profile  is  a  plot  of  the  bit  shift  at  different 
off-track  distances,  while  the  track  profile  is  a  plot  of  track 
average  amplitude  (TAA)  at  different  off-track  distances.  The 
main  advantage  of  bit-shift  profile  is  that  it  describes  the 
off-track  capability  from  error  rate  viewpoint,  which  is  of 
special  importance  in  achieving  a  reliable  disk  drive  design. 


B.  Experimental  setup 

All  experimental  investigations  were  conducted  with  a 
selected  set  of  transverse  pressure  contour  (TPC)  sliders. 
Testing  was  carried  out  at  a  fixed  testing  radius  (r=1.65  in.) 
of  3.5  in.  disks.  The  coding  scheme  used  is  (1,7)  code.  Bit- 
shift  is  measured  at  analysis  level  of  10“ 6,  with  a  sample 
level  of  108. 

1 .  Media 

Two  types  of  media  were  used:  near-isotropic  media 
(media  A)  and  orientated  media  (media  B ).  All  media  used 
are  of  similar  He ,  MrT  values:  He  =1800 ±50  Oe  and  MrT 
=2.20±0.1  memu/cm2.  Here,  Mr  and  T  are  the  the  rema- 
nence  and  media  thickness,  respectively.  Typical  He  orienta¬ 
tion  ratios  of  the  near-isotropic  media  and  the  orientated 
media  are  1.01  ±0.01  and  1.4±0.05,  respectively.  The  He 
orientation  ratio  is  the  ratio  of  He  in  track  direction  to  that  in 
radial  direction:  Hc\\!HcL  . 

2 .  Positioning  accuracy 

To  obtain  a  reliable  bit-shift  profile,  the  testing  system 
itself  must  have  high  linear  positioning  accuracy  and  low 
hysteresis  in  positioning  operation.  A  Guzik  1701  MP  micro¬ 
positioning  spin  stand  with  air  bearing  spindle  was  used  in 
all  experiments  to  be  reported.  The  linear  positioning  accu¬ 
racy  and  positioning  hysteresis  of  such  a  system  are  1.2  and 
0.4  /zin.,  respectively. 


TABLE  I.  Spindle  speed  for  1.5  pin.  gap  flying  height  and  testing  parameter 
setup. 
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FIG.  1.  Bit-shift  plots  at  different  skew  angles  (for  media  A:  the  orientated 
media). 

3.  Constant  flying  height 

The  gap  flying  height  used  in  all  experiment  reported  in 
this  paper  is  1.5  /rin.  The  flying  height  is  measured  by  the 
dynamic  flying  height  tester  of  phase  metrics. 

The  gap  flying  height  of  TPC  sliders  is  a  function  of 
skew  angle.  The  spindle  speed  is  adjusted  so  as  to  achieve 
1.5  yttin.  flying  height  at  different  skew  angles.  The  spindle 
speed,  bit  cell  size  and  flux  reversal  rate  used  for  one  of  the 
testing  HGAs  (head-gimbal  assembly)  is  illustrated  in 
Table  I. 

III.  RESULTS  AND  DISCUSSION 

A.  Bit-shift  plot 

Figure  1  illustrates  bit-shift  plots  at  different  skew 
angles.  Figure  2  shows  the  relationship  between  the  skew 
angle  and  the  normalized  bit  shift  at  an  analysis  level  of 
10“6.  The  bit  shift  is  normalized  so  that  one  unit  corre¬ 
sponds  to  half  of  the  bit  cell  size.  A  few  degrees  of  skew 
angle  shift  was  noticed  from  the  experimental  results.  The 
shift  value  is  fixed  and  is  toward  the  positive  direction.  Such 
a  shift  is  believed  to  be  from  alignment  error  in  the  testing 
system. 

The  following  two  conclusions  can  be  drawn  from  the 
obtained  results.  (1)  An  increase  in  skew  angle  value  will 
increase  the  bit-shift  value  at  all  bit-shift  analysis  levels  in¬ 
vestigated  and  for  both  positive  and  negative  skew  angles. 


FIG.  3.  Comparison  between  the  normalized  bit-shift  profile  and  the  track 
profile  of  the  orientated  media. 


(2)  From  a  bit-shift  viewpoint,  it  is  better  to  restrict  skew 
angle  within  15°,  as  the  bit  shift  will  be  increased  signifi¬ 
cantly  when  skew  angle  value  is  above  15°. 

B.  Bit-shift  profile  and  track  profile 

Figure  3  compares  the  bit-shift  profile  and  the  track  pro¬ 
file  at  a  0°  skew  angle.  The  track  average  amplitude  (TAA)  at 
the  track  center  is  normalized  as  one  unit.  The  following  can 
be  observed  from  Fig.  3.  (1)  Though  TAA  reduces  rapidly  as 
off-track  distance  increases,  the  corresponding  increase  in 
the  bit-shift  value  is  not  so  significant  when  the  off-track 
distance  is  not  long.  (2)  The  bit-shift  value  increases  rapidly 
when  the  off-track  distance  is  approaching  50%  of  effective 
track  width  (Tweff).  Here,  the  effective  track  width  is  the 
distance  measured  between  the  two  points  corresponding  to 
50%  of  the  maximum  TAA  value  on  the  track  profile. 

C.  Bit-shift  profiles  at  different  skew  angles 

Figure  4  gives  bit-shift  profiles  at  different  skew  angles. 
The  following  have  been  noticed  in  all  comparisons  con¬ 
ducted  between  bit-shift  profiles  obtained  at  small  skew 
angles  (around  0°)  and  that  at  high  skew  angles  (above  15°). 

(1)  The  bit-shift  profile  obtained  at  small  skew  angles  is  al¬ 
ways  below  the  bit-shift  profile  obtained  at  large  skew  angles 
if  the  off-track  distance  is  not  so  long  (say,  90  /udn .  in  Fig.  4). 

(2)  The  bit-shift  profile  becomes  asymmetric  when  skew 
angle  is  high. 


FIG.  2.  Normalized  bit-shift  values  at  different  skew  angles  (media  A:  the 
orientated  media). 


FIG.  4.  Normalized  bit-shift  profile  comparison  at  different  skew  angles 
(media  A:  the  orientated  media). 
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IV.  CONCLUSIONS  AND  DISCUSSIONS 


FIG.  5.  Comparison  of  the  bit-shift  profiles  between  the  near-isotropic  me¬ 
dia  (B)  and  the  orientated  media  (A)  at  0°  and  15°  skew  angles. 


D.  Bit-shift  profile  and  medium  orientation 

Bit-shift  profiles  for  the  two  types  of  media  were  mea¬ 
sured  at  different  skew  angles.  Figure  5  compares  the  bit- 
shift  profiles  of  the  near-isotropic  media  and  the  orientated 
media  at  both  0°  and  15°  skew  angles.  The  following  obser¬ 
vations  can  be  made  from  Fig.  5.  (1)  The  bit-shift  profile 
becomes  asymmetric  for  both  types  of  media,  as  the  skew 
angle  goes  to  higher  values  (15°  or  above).  (2)  The  bit-shift 
profile  of  the  near-isotropic  media  is  narrower  than  that  of 
the  orientated  media.  (3)  The  normalized  bit-shift  value  of 
the  near-isotropic  media  (media  B)  is  not  as  sensitive  to  skew 
angle  variation  as  the  orientated  media  (media  A). 


(1)  Both  the  value  of  the  bit  shift  and  the  shape  of  the  bit- 
shift  profile  vary  when  skew  angle  is  changed.  Increased 
skew  angle  will  increase  bit-shift  value,  especially  when 
skew  angle  is  above  15°. 

(2)  The  bit  shift  increases  as  the  off-track  distance  increases 
and  the  bit-shift  profile  becomes  asymmetric  when  skew 
angle  is  high.  However,  the  increasing  rate  of  the  bit 
shift  as  the  off-track  distance  increases  is  smaller  than 
the  TAA  reducing  rate,  when  the  off-track  distance  is  not 
too  long. 

(3)  The  bit-shift  value  of  the  near-isotropic  media  is  higher 
than  that  of  the  media  with  strong  orientation,  when 
those  media  are  of  comparable  He  and  MrT  values. 
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A  simple  model  that  represents  the  micro  structure  of  magnetic  medium  as  a  rectangular  tesselation 
predicts  that  the  mean-square  jitter  is  inversely  proportional  to  the  track  width.  We  test  this 
prediction  using  different  width  heads  as  well  as  creating  different  track  widths  by  partially  erasing 
the  original  track.  We  also  simulate  these  experiments  using  a  micromagnetic  model.  Our 
experimental  and  simulation  results  are  found  to  be  in  agreement  with  the  prediction.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)06208-8] 


I.  INTRODUCTION 

Increasing  the  storage  density  of  magnetic  recording  me¬ 
dia  requires  both  shortening  the  bit  length  and  narrowing  the 
track  width.  Density  limits  are  set  by  noise  levels  and  the 
inevitable  loss  of  signal  associated  with  the  reduction  of  the 
storage  medium  per  bit.  Transition  jitter  is  a  major  compo¬ 
nent  of  medium  noise.  We  show  in  this  article  experimentally 
and  by  modeling  that,  as  expected,1  the  transition  jitter  asso¬ 
ciated  with  permanent  microstructural  medium  irreg¬ 
ularities2-4  and  with  relaxation  statistics  increases  with  de¬ 
creasing  track  width.  This  finding  emphasizes  the  importance 
of  exploiting  the  microstructural  permanence  in  adaptive 
noise  compensation.5 

In  this  article  we  investigate  the  track-width  dependence 
of  jitter.  The  observed  transition  jitter  is  an  average,  over  the 
track  width,  of  local  deviations  of  the  magnetization  reversal 
from  the  intended  transition  center.  The  local  deviations  are 
determined  by  the  down  track  and  cross  track  dimensions  of 
the  magnetic  units  constituting  the  medium. 

The  medium  may  be  represented  by  a  brick  wall  model 
with  bricks  representing  fixed  magnetic  microstructural 
units.  As  shown  in  Fig.  1,  transitions  are  locally  recorded  at 
the  nearest  edge  of  the  underlying  magnetic  unit.  The  mean- 
square  transition  jitter  of  this  model  is6,7 

<^>=(^)k2).  (i) 

where  (c)/(W)  is  the  number  of  subtransitions,  given  a  me¬ 
dium  with  transverse  coherence  length,  c,  and  track  width  W. 


intended  location 


of  and  oj  represent  the  variance  of  transition  and  subtransi- 
tion  positions,  respectively.  A  detailed  derivation  of  the 
above  is  presented  in  Ref.  7. 

II.  EXPERIMENT 

Our  experiments  were  performed  using  a  precision  spin 
stand  with  accurate  spatial  positioning,  a  variety  of  thin-film 
and  ferrite  heads,  and  oxide  and  longitudinal  thin-film  disks. 
To  establish  the  track-width  dependence  of  transition  jitter 
we  wrote  transitions  at  100  preselected  locations  on  the  me¬ 
dium.  Multiple  writes  at  each  location  ensured  minimization 
of  write  uncertainty  and  128  read  acquisitions  provided  small 
read  uncertainty.  We  determined  the  actual  position  of  the 
transition  by  fitting  each  transition  output  to  a  standard  tran¬ 
sition  waveform.  The  position  of  maximum  cross  correlation 
of  these  waveforms  is  defined  as  the  transition  position.  The 
standard  transition  waveform  was  obtained  by  averaging  sev¬ 
eral  read  averaged  transitions  written  at  different  locations. 
Such  ensemble  averaging  minimized  both  read/write  inaccu¬ 
racy  as  well  as  position  dependence  of  the  standard  transition 
waveform. 

The  displacement  of  the  actual  position  of  the  transition 
from  its  intended  position  is  defined  as  jitter.  For  each  of  the 
100  preselected  locations  mean  jitter  is  computed  (from  mul¬ 
tiple  writes  at  that  location).  Histograms  of  these  mean  jitter 
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FIG.  1.  Brick  wall  model  of  a  magnetic  medium. 


FIG.  2.  Histogram  plots  for  track  widths  of  5,  9,  and  12.3  pm. 
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FIG.  3.  Consecutive  dibits  for  center-to-center  measurements. 


dc  saturated 


(a) 


(b) 


FIG.  5.  (a)  Original  track  width  W.  (b)  Partially  erased  track  width  w 
(w<W). 


values  are  plotted  in  Fig.  2.  The  above  approach  measures 
jitter  relative  to  the  reference  trigger  which  may  vary  from 
write  to  write  due  to  limitations  in  the  instrumentation.  To 
eliminate  the  effect  of  a  variable  reference  trigger  we  em¬ 
ployed  a  center-to-center  measurement  technique,  measuring 
the  distance  between  two  transitions.  We  wrote  two  consecu¬ 
tive  dibits  (Fig.  3)  at  randomly  selected  locations  on  the  me¬ 
dium  and  determined  their  position  jitter  by  correlating  the 
first  transition  (A)  and  the  third  transition  (B)  with  a  standard 
transition  waveform.  The  difference  between  the  actual  posi¬ 
tions  of  transition  (A)  and  transition  (B)  gives  a  measure  of 
the  actual  distance  between  them.  Jitter  is  computed  as  the 
difference  between  the  actual  distance  and  the  intended  dis¬ 
tance.  Presented  in  Fig.  4  are  histograms  of  jitter  values. 

We  repeated  this  experiment  with  heads  of  the  same 
track-width  and  number  of  turns  but  with  different  structural 
parameters  (e.g.,  pole  thickness).  We  found  that  the  standard 
deviation  of  jitter  was  unaffected  by  these  parameters;  no 
systematic  error,  such  as  amplitude  effects,  was  seen.  We 
also  used  a  single  head  (thereby  keeping  flying  height,  gap 


(c)  12.3  um  trackwidth 


FIG.  4.  Histogram  plots  for  track  widths  of  5,  9,  and  12.3  fim  using  center- 
to-center  measurements. 


(a)  5  um  trackwidth 


(b)  6  um  trackwidth 


(c)  7  um  trackwidth 


(d)  8  um  trackwidth 


(©)  9  um  trackwidth 


(f)  10  um  trackwidth 


(g)  12.3  um  trackwidth 

FIG.  6.  Histogram  plots  for  partially  erased  tracks  with  width  w=5,  6,  7,  8, 
9,  and  10  (i m.  Original  track=12.3  jjl m. 
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FIG.  7.  An  isolated  transition  in  a  partially  erased  track  using  a  Voronoi 
tesselation  medium. 


width,  and  pole  thickness  identical  from  one  run  to  another) 
to  create  tracks  of  different  widths  by  partially  erasing  a 
track  to  various  widths  (see  Fig.  5).  Position  jitter  was  deter¬ 
mined  as  before  by  correlating  transition  A  and  transition  B 
with  a  standard  transition  waveform.  Figure  6  shows  histo¬ 
gram  plots  for  different  track  widths.  In  order  to  achieve  the 
accurate  placement  of  the  transitions  it  was  imperative  to 
maintain  control  over  tracking  and  down  track  timing.  Accu¬ 
rate  timing  was  maintained  by  phase  locking  an  oscillator  to 


0.2  0.4  0.6  0.8  1  1.2 

Trackwidth 

FIG.  8.  rms  jitter  as  a  function  of  track  width. 


a  signal  on  the  disk.  We  measured  thermal  variations  every 
10  min,  over  the  span  of  the  experiment.  Using  the  perma¬ 
nent  physical  microstructure  of  the  underlying  medium  we 
infer  thermal  drifts  to  be  less  than  5%  of  the  read  track 
width. 

III.  RESULTS  AND  DISCUSSION 

To  augment  our  recording  tests  we  simulated  these  ex¬ 
periments  using  a  Voronoi  tesselation  medium  (see  Fig.  7). 
From  the  histogram  plots  for  each  track  width  we  obtain  a 
mean-square  value  for  transition  jitter.  Equation  (1)  predicts 
that  ratios  of  mean-square  values  plotted  against  the  ratios  of 
corresponding  track  widths  on  a  log  scale  follow  a  slope  of 
—  A  modification  of  Eq.  (1)  predicts  more  rapid  increase  of 
jitter  with  decreasing  track  width  for  partially  erased  tracks. 
To  account  for  side  writing,  edge  effects,  and  erased  medium 
noise  we  assume  the  effective  track  width  to  be  linearly  pro¬ 
portional  to  the  signal  amplitude  and  plot  in  Fig.  8  mean- 
square  ratios  versus  corresponding  effective  track  width  ra¬ 
tios  (base  track  width=12.3  /mi)  for  experimental  data.  It  is 
found  that  experimental  and  simulated  results8  closely  follow 
theoretical  predictions,  supporting  the  proposed  model  of 
transition  jitter. 

Transition  jitter  measurements  by  Huang  et  al9  are  also 
consistent  with  expectation  and  show  increasing  jitter  with 
decreasing  track  width. 

IV.  CONCLUSIONS 

We  have  shown  that  transition  jitter  increases  with  de¬ 
creasing  track  widths  and  validated  our  theoretical  predic¬ 
tions  with  experimental  results.  These  results  provide  valu¬ 
able  input  to  real-time  pre-compensation  schemes  which  aim 
at  improving  signal-to-noise  ratio  and  recording  densities  by 
using  the  repeatability  of  medium  induced  effects. 
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This  paper  introduces  a  new  recording  method  using  a  trilayer  medium  (recording 
layer/nonmagnetic  layer/soft  magnetic  layer/substrate)  to  diminish  the  side  written  band  width 
(AW).  Magnetostatic  coupling  between  the  soft  magnetic  layer  in  the  media  and  the  write  head 
poles  decreases  the  side  fringing  field  off  the  track  edges.  Off-track  overwrite  experiments  revealed 
that  the  trilayer  media  reduced  AW  by  40%-60 %  compared  to  the  monolayer  medium  while 
maintaining  the  effective  write  track  width  and  the  linear  resolution.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)  15608-5] 


I.  INTRODUCTION 

In  order  to  achieve  high  track  density  in  longitudinal 
recording,  aiming  at  a  level  of  10  Gbits/in.2  or  higher,  the 
side  written  band  degradation  near  the  track  edges  needs  to 
be  effectively  suppressed.  This  paper  introduces  a  new 
trilayer  medium  structure  to  diminish  the  side  written  band 
width  (AW)  for  conventional  ring  head  writing. 

Figure  1  shows  the  configuration  of  the  new  medium. 
The  trilayer  structure  consists  of  a  recording  layer  at  the  top, 
a  nonmagnetic  control  layer  underneath,  and  a  soft  magnetic 
layer  at  the  bottom.  Magnetostatic  coupling  between  the 
write  head  poles  and  the  soft  magnetic  layer  in  the  media 
sharpens  the  write  field  distribution  along  and  across  the 
track  resulting  in  a  decrease  of  the  side  fringing  field  off  the 
track  edges.  The  nonmagnetic  control  layer  is  indispensable 
for  adequately  controlling  the  balance  between  effective 
head-to-medium  magnetostatic  coupling  and  undesired 
downward  flux  leakage  from  the  recorded  magnetization  to 
the  soft  magnetic  layer. 

The  side  written  band  widths  were  measured  using  off¬ 
track  overwrite  experiments1  developed  by  the  authors.  The 
effective  write  track  widths  (TWeff)  were  measured  by  the 
conventional  off-track  profile  method.  The  measured  AW 
and  TWeff  of  the  trilayer  medium  (CoPtCr/Ti/CoFeTa)  were 
compared  with  those  of  a  CoPtCr  monolayer  medium.  The 
on-track  read/write  performances  including  overwrite  and 
linear  resolution  were  also  evaluated  for  both  media. 


II.  EXPERIMENT 

AFeTaN  metal-in-gap  (MIG)  head  with  a  high  Bs  of  1.6 
T  and  coils  of  50  turns  was  used  for  writing  in  this  experi¬ 
mental  study.  The  widths  of  top  and  bottom  poles  were  both 


5.5  yum,  and  the  gap  length  was  0.3  jjtm.  A  4.5-/zm-wide  MR 
head  with  0.7  jmm  shield-to-shield  gap  was  used  only  for 
evaluating  on-track  read/write  performances.  The  head  flying 
height  was  set  to  be  75  nm  at  a  head-to-medium  relative 
velocity  of  7.38  m/s. 

Two  trilayer  longitudinal  media  with  different  nonmag¬ 
netic  Ti  layer  thickness  and  a  monolayer  longitudinal  me¬ 
dium  with  almost  the  same  magnetic  properties  were  made 
by  rf  sputtering.  The  magnetic  properties  of  all  the  media 
were  measured  using  a  vibrating  sample  magnetometer.  The 
media  specifications  are  shown  in  Table  I. 

The  off-track  overwrite  recording  was  performed  to 
measure  the  side  written  band  width.  Figures  2(a)  and  2(b) 
show  the  schematic  diagram  of  the  off-track  overwrite 
method  and  the  measured  off-track  overwrite  profile,  respec¬ 
tively.  At  first,  a  signal  (sig— 1:60  kFCI)  was  recorded  with 
the  MIG  head  at  a  fixed  position  on  the  previously  dc-erased 
medium.  Then  the  head  was  displaced  in  the  cross  track  di¬ 
rection  and  the  old  signal  was  partially  erased  by  another 
signal  (sig -2:42  kFCI)  with  the  same  write  current  as  the 
sig — 1  writing.  This  displacement  (jc)  is  the  variable  of  the 
experiment.  The  fundamental  of  the  residual  sig—  1  was  read 
out  with  a  spectrum  analyzer  (resolution  band  width:  30  kHz, 
video  band  width:  10  Hz)  by  the  same  head  at  the  track 
center  where  the  read  sensitivity  distribution  was  uniform.  If 
all  the  above  mentioned  procedure  is  iterated  with  increasing 
the  displacement  (x),  the  off-track  overwrite  profile  shown 
in  Fig.  2(b)  can  be  obtained.  The  head  position  was  precisely 
controlled  by  a  piezoelectric  actuator,  with  an  error  of  less 


TABLE  I.  Media  specifications. 

Trilayer  Trilayer  Monolayer 

medium  A  medium  B  medium 

{Overcoated  layer:  C) 

thickness  (nm)  20  20  20 

(Recording  layer:  CoPtCr) 


\  Recording  layer  \ 

He  (Oe) 

2000 

1820 

2000 

/  Non-magnetic  layer  / 

Mrt  (memu/cm2) 

1.54 

1.63 

1.5 

5* 

0.92 

0.83 

0.92 

(  So  ft- magnetic  layer  \ 

(Nonmagnetic  layer:  Ti) 

thickness  (yxm) 

0.2 

0.5 

\  Substrate  \ 

(Soft-magnetic  layer:  CoFeTa) 

\ _ _ 1 

Bs  (T) 

1.4 

1.4 

FIG.  1.  Schematic  view  of  the  trilayer  medium. 

Thickness  (/tun) 

0.5 

0.5 
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(b) 

FIG.  2.  Off-track  overwrite  method:  (a)  schematic  diagram,  (b)  off-track 
overwrite  profile. 

than  25  nm.  Furthermore,  for  all  the  media,  the  sig-1  level 
atx=0  was  equal  to  the  noise  at  the  sig-1  frequency,  which 
was  about  10  dB  larger  than  the  electronic  noise  and  little 
depended  on  the  displacement.  Then,  the  distance  between 
the  origin  and  the  point  (x=x0)  where  the  sig-1  begins  to 
increase  linearly  was  defined  as  the  side  written  band  width 
(AIT).  The  error  in  AIT  was  estimated  to  be  less  than  0.1 
(i  m. 

In  addition,  the  conventional  off-track  profiles  were 
measured  with  the  MIG  head  in  order  to  examine  the  effec¬ 
tive  write  track  width  (7Weff)  of  the  60  kFCI  signal. 

III.  RESULTS  AND  DISCUSSION 

A.  On-track  read/write  performances 

On-track  read/write  performances  were  measured  with 
the  MIG  write  head  and  MR  read  head.  Figure  3  shows  the 
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FIG.  3.  Write  current  dependence  of  15  kFCI  signal  output. 
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FIG.  4.  Write  current  dependence  of  OWM.  15  kFCI  signal  is  overwritten 
by  60  kFCI  signal. 


write  current  dependence  of  the  reproduced  output  of  the  15 
kFCI  signal.  The  current  required  to  saturate  the  output  in¬ 
creased  in  order  of  monolayer  medium,  trilayer  medium  B 
with  Ti:0.5  fim  and  trilayer  medium  A  with  Ti:0.2  /xm.  The 
saturation  output  level  also  decreased  in  the  same  order  as 
above.  Figure  4  shows  the  write  current  dependence  of  the 
overwrite  modulation  (OWM).  The  OWM  was  defined  as  the 
reduction  of  the  15  kFCI  signal  fundamental  after  overwrit¬ 
ing  by  the  60  kFCI  signal.  The  write  current  needed  to  satu¬ 
rate  the  OWM  increased  in  the  order  of  monolayer  medium, 
trilayer  medium  B ,  and  trilayer  medium  A.  However,  it 
should  be  noted  that  both  the  trilayer  media  still  had  the  level 
of  less  than  -30  dB  enough  for  practical  use. 

The. above-mentioned  write  efficiency  degradation  of  the 
trilayer  media  is  thought  caused  by  the  decrease  of  the  write 
field  intensity  due  to  the  collimation  of  the  head  field  bubble 
by  the  soft  magnetic  layer.2 

In  order  to  obtain  the  saturation  output  level  and  the 
OWM  of  less  than  -30  dB,  the  write  currents  (Iw:  shown  in 
Table  II)  for  the  subsequent  experiments  were  set  to  be  20 
mA^,  35  mA^,  and  40  mApp,  for  monolayer  medium, 
trilayer  medium  J5,  and  trilayer  medium  A,  respectively. 

Figure  5  shows  the  measured  recording  roll-off  curves 
for  the  sample  media.  The  £>50’s  were  almost  the  same  for 
the  three  media.  The  results  showed  that  there  was  no  sig¬ 
nificant  difference  in  the  linear  resolution  among  the  three 
media,  and  that  the  write  head  could  generate  enough  field 
gradient  to  create  a  sharp  transition  even  for  the  trilayer  me¬ 
dia.  The  results  can  be  supported  by  the  previous  work2  on 
the  shaping  of  the  head  field  by  the  soft  magnetic  layer, 
explaining  that  the  presence  of  the  soft  magnetic  layer  de¬ 
creases  the  write  field  intensity,  but  can  maintain  the  write 
field  gradient. 


TABLE  II.  Measured  on-track  read/write  performances. 


Tri  layer 
medium  A 

Trilayer 
medium  B 

Monolayer 

medium 

Write  current  (mAp(1) 

40 

35 

20 

Normalized  output 

0.83 

0.93 

1 

Z>50  (kFCI) 

76 

72 

76 

OWM  (dB) 

-31.0 

-32.0 

-42.5 
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FIG.  5.  Measured  roll-off  curves. 


By  the  way,  the  saturation  output  decrease  of  the  trilayer 
media  can  be  thought  caused  by  the  downward  flux  leakage 
from  the  recorded  magnetization  to  the  soft  magnetic  layer 
rather  than  the  decrease  of  write  field  intensity,  because  the 
write  head  could  generate  enough  field  gradient  even  for  the 
two  trilayer  media,  as  above  mentioned. 

Furthermore,  through  the  experiments,  the  reproduced 
wave  forms  for  the  trilayer  media  were  extremely  stable  and 
no  spike  noise  occurred,  even  in  the  presence  of  an  external 
dc  field  of  a  few  Oe  applied  to  the  soft  magnetic  layer  using 
a  permanent  magnet.  The  results  may  reveal  that  the  MR 
head  was  not  sensitive  to  any  magnetic  change  in  the  soft 
magnetic  layer  because  the  presence  of  the  relatively  thick 
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FIG.  6.  Off-track  overwrite  profiles  (sig-l:60  kFCI,  sig-2:42  kFCI). 
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FIG.  7.  Off-track  profiles. 

nonmagnetic  layer  enough  weakened  the  magnetostatic  cou¬ 
pling  between  the  MR  head  and  the  soft  magnetic  layer. 

The  on-track  read/write  performances  are  summarized  in 
Table  II. 

B.  Side  writing  performances 

Figure  6  shows  the  off-track  overwrite  profiles  measured 
with  the  MIG  head.  The  side  written  band  widths  (AW)  were 
0.2  /mm  for  trilayer  medium  A,  0.3  jjl m  for  trilayer  medium 
B ,  and  0.5  jam  for  monolayer  medium.  Both  of  the  trilayer 
media  thus  effectively  reduced  AW  by  40% -60%  compared 
to  the  monolayer  medium,  and  AW  decreased  with  the  de¬ 
crease  in  thickness  of  the  nonmagnetic  layer  of  the  trilayer 
medium.  The  A  W  reduction  for  the  trilayer  media  is  believed 
to  be  caused  by  the  sharp  fringing  field  distribution  off  the 
track  edges  due  to  the  magnetostatic  coupling  between  the 
write  poles  and  the  soft  magnetic  layer  in  the  media.  In  ad¬ 
dition,  it  is  thought  that  the  decrease  of  the  nonmagnetic 
layer  thickness  increased  the  magnetostatic  coupling  and 
then  more  sharply  decreased  the  fringing  field  resulting  in 
the  A  W  decrease. 

Figure  7  shows  the  measured  off-track  profiles.  The  ef¬ 
fective  write  track  width  (TWeff)  was  defined  as  the  distance 
between  the  origin  and  the  point  where  the  straight  line 
through  the  point  (0,1)  and  parallel  to  the  linear  region  of  the 
measured  curves  crosses  the  horizontal  axis  in  Fig.  7.  The 
results  showed  that  all  the  three  media  had  almost  the  same 
rweff  of  5.6  fim . 


IV.  CONCLUSIONS 

A  novel  trilayer  medium  structure  was  developed,  to  di¬ 
minish  the  side  written  band  width  (AW).  Off-track  over¬ 
write  experiments  revealed  that  the  trilayer  media  effectively 
reduced  the  AW  by  40% -60%  relative  to  the  monolayer 
medium  while  maintaining  the  effective  write  track  width 
and  the  linear  resolution.  This  fundamental  feature  of  thenew 
trilayer  medium  makes  it  a  strong  candidate  medium  for  high 
track  density  longitudinal  recording. 

1 Y.  Tanaka  and  T.  Taguchi,  IEEE  Trans.  Mag.  31,  2684  (1995). 

2D.  S.  Bloomberg,  IEEE  Trans.  Mag.  19,  1493  (1983). 
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Advances  in  magnetic  tape  recording  have  produced  media  with  magnetic  layers  as  thin  as  0. 1  pm. 
In  this  article,  a  metal  particulate  tape  with  a  magnetic  layer  thickness  of  -0.37  pm  is  compared  to 
a  standard  thick  media  tape  with  a  magnetic  layer  thickness  of  —4  pm.  Measurements  of  the 
isolated  pulse  are  made  and  shown  to  compare  well  with  micromagnetic  simulations.  The  replay 
voltage  versus  current  is  measured  with  a  4  pm  track  width,  shielded  magnetoresistive  head  at 
various  densities.  The  thin  tape  shows  better  high  density  response  at  high  currents  than  the  thick 
tape.  The  simulations  show  that  the  transitions  are  sharper  on  the  thin  tape  due  to  both  the  reduction 
in  thickness,  and  an  improvement  in  the  particle  orientation.  The  better  oriented  particles  yield 
narrower  pulses,  thereby  improving  the  high  frequency  response  of  the  tape.  Frequency  response 
measurements  are  also  taken  with  the  magnetoresistive  head,  which  yield  a  signal  to  noise  ratio  of 
>20  dB  at  200  kfci.  Last,  overwrite  performance  versus  current  is  compared  for  the  two  tapes  plus 
a  metal-evaporated  (ME)  tape  with  a  0.2  pm  thick  layer.  A  significant  improvement  in  overwrite  is 
seen  on  the  ME  tape.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)10408-3] 


I.  INTRODUCTION 

One  historical  drawback  of  high  density  tape  recording 
has  been  the  thickness  of  the  recording  layer.  Until  recently, 
the  magnetic  layer  thickness  was  always  greater  than  the 
depth  of  the  recorded  transitions.  This  resulted  in  wider  tran¬ 
sitions  and  reduced  high  frequency  response.1,2  Recently, 
manufacturers  have  been  able  to  reduce  the  magnetic  layer 
thickness  of  tape  to  <0.5  pm,  to  as  low  as  0.1  pm 3  In  this 
article  we  will  examine  one  such  tape  and  compare  it  to  a 
standard,  thick  media  (SVHS)  tape.  The  thin  tape  analyzed 
here  is  a  Fuji  double-coated,  metal-particulate  tape.  The 
double  coating  refers  to  a  process  where  first  a  nonmagnetic 
layer  is  deposited  on  the  backing  material  for  smoothness, 
and  then  the  magnetic  layer  is  added.  The  experimental  re¬ 
sults  are  compared  with  micromagnetic  simulations  to  better 
understand  the  findings,  as  well  as  to  calibrate  the  simula¬ 
tions. 

II.  EXPERIMENTAL  SYSTEM 

A  Honeywell  7600  reel-to-reel  recorder  was  used  for  the 
measurements.  The  recording  was  done  with  a  15-tum,  thin- 
film  inductive  head.  The  track  width  was  125  pm,  the  gap 
length  was  0.3  pm,  and  the  efficiency  was  80%.  The  read- 
back  was  performed  using  both  an  inductive  head  and  a 
shielded  magnetoresistive  (MR)  head.  The  inductive  read- 
back  head  had:  200  turns,  a  gap  length  of  0.27  pm,  a  track 
width  of  250  pm,  and  an  efficiency  of  72%.  The  MR  head 
was  used  for  the  frequency  response  measurements  while  the 
inductive  head  was  used  to  measure  the  isolated  pulses.  It 
was  necessary  to  use  the  inductive  head  for  the  isolated  pulse 
measurements  because  of  saturation  of  the  MR  head  at  low 
frequencies.  The  MR  head  was  originally  designed  for  disk 


a)Kodak  student  fellow. 


recording,  but  a  satisfactory  mounting  arrangement  was 
found  for  the  Honeywell  system.  The  MR  head  had  a  shield- 
to- shield  spacing  of  0.55  pm  and  a  track  width  of  4  pm. 

The  thin  tape  was  a  Fuji  metal  particle  (MP)  tape  with  a 
magnetic  layer  thickness  of  -0.37  pm,  a  coercivity  of  1780 
Oe,  and  a  remanence  of  3000  G.  The  thick  tape  was  a  3M 
SVHS  tape  with  a  thickness  of  about  4  pm,  a  coercivity  of 
935  Oe,  and  a  remanence  of  1390  G.  The  tape  speed  was  7.5 
ips  for  the  inductive  readback  head  and  3.75  ips  for  the  MR 
readback  head. 

III.  MEASUREMENTS  AND  ANALYSIS 

For  the  measurements  that  will  be  presented,  a  simplified 
model  of  tape  recording  wherein  the  tape  is  viewed  as  having 
a  number  of  laminae,  each  at  a  different  depth,  will  help 
explain  the  different  response  characteristics  of  the  two 
tapes.  Each  lamina  is  assumed  to  have  its  own  transition  with 
a  fixed  transition  shape  and  center.  The  widths  and  centers  of 
these  transitions  vary  from  lamina-lamina.  With  this  model, 
it  has  been  shown  that  the  demagnetization  fields  from  the 
back  layers  of  the  tape  influence  the  front  layers  and  increase 
the  transition  parameter  (also  referred  to  as  the  a  parameter), 
thereby  reducing  the  sharpness  of  the  transition.2  In  addition, 
the  transition  width  increases  for  deeper  laminae,  and  their 
respective  centers  shift  further  downtrack.  Since  the  read- 
back  head  sums  the  voltages  from  each  layer,  this  shifting 
and  broadening  in  the  back  layers  produces  asymmetries  and 
widens  the  overall  pulse,  yielding  a  reduction  in  the  high 
frequency  response.  From  this  model,  it  is  clear  that  reducing 
the  thickness  of  the  magnetic  layer  will  improve  the  high 
frequency  response  if  the  new  thickness  is  smaller  than  the 
depth  of  recording.  In  essence,  this  will  limit  the  demagne¬ 
tization  field  and  effectively  remove  the  contributions  from 
the  deeper  layers  that  broaden  the  pulse. 
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FIG.  1.  Measures  (dashed  line)  and  simulated  (solid  line)  isolated  pulses  on 
SVHS  tape  for  two  write  currents. 

The  first  measurement  presented  is  a  plot  of  isolated 
pulses  at  different  write  currents.  Figures  1  and  2  show  mea¬ 
sured  and  simulated  isolated  pulses  written  at  two  currents 
for  the  two  tapes.  The  simulation  results  are  plotted  in  solid 
lines,  while  the  measured  values  are  given  as  jc’s  and  o’s 
(with  a  dotted  line  plot  for  SVHS).  For  the  measurements,  a 
10  kHz  square  wave  was  recorded  on  each  tape,  for  each 
current,  at  a  tape  velocity  of  7.5  ips.  The  pulses  were  then 
averaged  on  a  Lecroy  9314  sampling  digital  oscilloscope. 
The  simulation  results  are  from  a  micromagnetic  model  de¬ 
veloped  at  CMRR. 

The  first  difference  to  note  is  the  increase  in  the  peak 
voltage  versus  current.  This  increase  is  much  larger  for  the 
two  pulses  on  the  SVHS  tape  (—40%)  than  for  the  first  two 
pulses  on  the  MP  tape  (—20%).  Since  the  readback  voltage  is 
directly  proportional  to  the  record  depth,  this  implies  that  the 
record  depth  has  increased  more  in  the  SVHS  tape.  The 
depth  of  recording  is  approximately  equal  to  the  depth  at 
which  the  recording  head  field  is  equal  to  the  coercivity, 
minus  the  head-to-tape  spacing.1,4  A  good  approximation  of 
the  record  depth  is 

>-*><y*x5r0'15)’ 

where  y  is  the  depth  of  recording,  g  is  the  gap  length,  Hg  is 
the  deep  gap  field,  and  Hc  is  the  coercivity  of  the  tape.5  The 
low  current  isolated  pulses  were  recording  at  HgIHc  equal  to 


FIG.  2.  Measures  (x’s  and  o’s)  and  simulated  (solid  line)  isolated  pulses  on 
MP  tape  for  two  write  currents. 


FIG.  3.  Voltage  vs  H/Hc  for  four  densities  (a)  on  SVHS  tape  and  (b)  on  MP 
tape. 


four  for  both  tapes.  Assuming  a  spacing  of  0.125  yum,  this 
yields  a  record  depth  of  0.2  jjl m.  For  the  higher  current,  the 
record  depth  is  0.64  fim.  This  analysis  shows  that  the  MP 
tape  has  been  recorded  through  and  therefore  its  output  did 
not  increase  as  much  as  in  the  SVHS  tape. 

Another  obvious  difference  is  the  width  of  the  pulses. 
The  PW50  at  16  mA  for  the  SVHS  tape  is  11%  wider  than 
that  of  the  MP  tape  at  30  mA,  but  the  PW50  of  the  SVHS 
increases  38%  at  30  mA,  while  the  PW50  of  the  MP  (thin) 
tape  increases  only  15%  from  30  to  60  mA.  This  is  partly 
due  to  the  recording  layer  thickness  difference,  and  partly 
due  to  particle  orientation.  To  accurately  model  the  MP  tape, 
the  particle  orientation  for  the  MP  tape  in  the  simulation  was 
made  more  uniform  in  the  longitudinal  direction.  This  trans¬ 
lated  to  less  broadening  in  the  MP  tape  as  a  function  of 
depth,  and  consequently,  less  increase  in  the  PW50.2 

Figures  3(a)  and  3(b)  show  the  effect  of  increasing  write 
current  on  the  output  response  of  the  two  tapes  for  four  fre¬ 
quencies.  For  each  plot,  the  frequency  is  set  and  the  write 
current  is  varied  from  0  to  90  mA  peak  to  peak.  At  each 
current,  a  reading  is  taken  from  an  HP  3586  selective  level 
meter  with  a  bandwidth  of  3100  Hz.  The  MR  head  was  used 
for  the  signal  reproduction  and  the  tape  speed  was  3.75  ips. 
Figures  3(a)  and  3(b)  show  the  output  as  a  function  of  the 
ratio  of  the  deep  gap  field  (which  is  proportional  to  the  write 
current)  to  the  coercivity  of  the  tape.  Because  the  depth  of 
recording  varies  as  a  function  of  this  ratio,  the  plots  are  es¬ 
sentially  normalized  to  each  other.  Figure  3(a),  the  SVHS 
tape,  shows  the  characteristic  output  versus  current  relation¬ 
ship  for  tape  recording.  The  low  frequency  output  increases 
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HG.  4.  Frequency  response  curves  for  both  tapes  at  two  currents.  Also  HG  5  4f/lf  overwrjte  vs  current  for  SVHS,  MP,  and  ME  tape, 

shown  is  the  ac-erased  noise  and  the  electronics  noise. 


as  the  current  increases,  and  the  high  frequency  output  peaks 
and  subsequently  declines.  The  low  frequency  output  in- 
creases  because  as  the  write  current  is  increased,  the  depth  of 
recording  increases  and  a  stronger  field  is  emitted  from  the 
tape.  The  degradation  in  high  frequency  output  with  increas¬ 
ing  current  is  mainly  due  to  three  phenomena.  The  first  is  the 
result  of  the  influence  of  the  deeper  layers;  the  broadening 
due  to  the  back  layers  reduces  the  high  frequency  output. 
The  second  effect  is  a  write  process  phenomena.  The  in¬ 
crease  in  the  write  current  causes  a  reduction  in  the  gradient 
of  the  record  head  field  and  results  in  an  increase  in  the  width 
of  the  record  zone.  The  increase  in  the  width  of  the  record 
zone  results  in  a  wider  pulse  and  less  high  frequency  re¬ 
sponse.  The  third  cause  is  also  the  result  of  the  write  process. 
As  the  density  is  increased,  the  head  field  for  writing  subse¬ 
quent  transitions  broadens  the  previously  recorded 
transitions.6 

Figure  3(b),  the  MP  tape,  shows  that  the  write  process  is 
the  dominant  cause  of  the  degradation  of  the  high  frequency 
response  for  large  currents.  The  general  output  characteris¬ 
tics  for  the  MP  tape  are  approximately  the  same  as  for  the 
thicker,  SVHS  tape.  The  MP  tape  is  recorded  through  at 
~HC/Hg=  5.25,  but  the  high  frequency  output  continues  to 
degrade  beyond  this  point.  If  the  thickness  of  the  magnetic 
layer  was  the  dominant  cause  of  the  high  frequency  degra¬ 
dation,  the  output  would  have  leveled  off  after  it  had  been 
recorded  through.  There  is  improvement,  however,  which 
can  be  seen  by  comparing  the  optimum  high  density  output 
to  the  output  at  a  ratio  of  HJHg= 6  for  both  tapes.  At  160 
kfci,  this  difference  is  ~16  dB  for  the  SVHS  tape  and  11  dB 
for  the  MP  tape. 

Figure  4  shows  the  frequency  response  of  both  tapes. 
The  write  current  was  chosen  for  maximum  high  frequency 
response  for  each  tape.  The  top  two  curves  show  the  output 
at  the  given  density  to  a  square  wave  recording.  The  middle 
two  curves  show  the  ac-erased  noise  for  the  two  tapes,  and 
the  bottom  curve  shows  the  electronics  noise.  All  measure¬ 
ments  were  taken  at  a  tape  speed  of  3.75  ips.  This  plot  shows 
that  the  signal  to  noise  ratio  for  the  two  tapes  is  about  equal. 
It  is  interesting  to  note  the  high  density  resolution  of  the  MR 
head.  At  200  kfci,  the  signal  is  still  ~20  dB  above  the  noise 
floor.  This  is  impressive  for  tape  recording,  considering  that 
the  track  width  is  only  4  fim. 


The  last  plot,  Fig.  5,  shows  overwrite  characteristics  for 
the  tapes,  as  well  as  for  a  metal-evaporated  tape.  This  over¬ 
write  test  consists  of  first  writing  a  25  kfci  square  wave  and 
measuring  the  output.  Next,  a  100  kfci  square  wave  is  re¬ 
corded  over  the  original  square  wave  and  the  remaining 
power  at  25  kfci  is  measured.  The  record  current  is  the  same 
for  both  frequencies.  Since  the  ratio  of  the  two  frequencies  is 
4:1,  this  is  referred  to  as  4F/IF  overwrite.  It  is  important  to 
note  that  the  x  axis  is  the  current  in  mA  and  that  the  range 
was  quite  different  for  the  SVHS  tape.  This  was  also  true  in 
Figs.  3(a)  and  3(b),  but  those  plots  were  normalized.  The 
circles  represent  the  currents  at  which  the  high  frequency 
output  is  optimized.  The  overwrite  performance  at  this  cur¬ 
rent  is  the  same  for  both  the  SVHS  and  the  MP  tape.  In  both 
cases  the  current  would  have  to  be  at  least  double  the  opti¬ 
mum  to  reach  the  30  dB  overwrite  seen  in  the  ME  tape.  The 
thickness  of  the  recording  layer  for  the  ME  tape  is  only  0.2 
yum.  Micromagnetic  simulations  of  overwrite  have  shown 
that  overwrite  performance  is  not  improved  until  the  thick¬ 
ness  of  the  magnetic  layer  is  less  than  the  gap  length  of  the 
record  head,7  as  is  the  case  with  the  ME  tape.  This  explains 
why  the  thin  MP  tape  did  not  perform  better  than  the  thick 
SVHS  with  this  write  head.  Use  of  newer,  thinner,  MP  tapes 
should  show  significant  overwrite  improvement  for  narrow 
gap  recording. 

For  the  thin  particulate  media  tested  here,  there  is  little 
improvement  in  recording  characteristics  over  the  thicker 
media  when  the  record  current  is  optimized  for  both  tapes. 
Improvement  in  the  signal  to  noise  ratio  at  high  densities  was 
seen  in  simulations  with  a  0.1 -/rm-thick  tape,6  suggesting 
that  the  performance  will  continue  to  improve  as  the  mag¬ 
netic  layers  become  thinner  and  the  optimal  write  current  is 
able  to  record  through  the  entire  layer. 

1 H.  N.  Bertram,  Theory  of  Magnetic  Recording  (Cambridge  University 
Press,  Cambridge,  1994). 
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A  new  type  of  metal-particle  tape,  whose  thickness  is  thinner  and  whose  particles  are  better  oriented 
than  traditional  thick  particulate  media,  is  simulated  and  analyzed.  Signals  at  high  densities  are 
much  larger  in  the  thin  tape  than  in  the  traditional  tape.  Nonlinearities  at  high  densities  are 
dominated  by  transition  width  increases.  Signals  and  nonlinearities  in  even  thinner  media  are 
studied  versus  record  gap  length  to  investigate  proper  system  parameters.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)  13908-0] 


I.  INTRODUCTION 

In  a  proposed  high-density  tape  project,1  the  volume 
density  will  reach  1  Terabyte/in .3  and  the  linear  density  will 
be  256  K  BPI.  Traditional  particulate  or  ME  tape  media  can¬ 
not  yield  sufficiently  large  signals  at  such  high  densities. 
Recently,  new  thin  metal-particle  tape  media  have  been 
developed.2  We  have  simulated  these  metal-particle  (MP) 
tapes  by  a  three-dimensional  micromagnetic  simulation 
model.3,4 

Square  wave  signals  are  simulated  at  various  densities 
(15-250  KFCI)  to  calculate  the  voltage  output  curves  in  the 
thin  MP  tape  tape.2  The  simulated  output  curve  utilizing  a 
magnetoresistance  (MR)  head  for  a  Fuji  dc  tape  is  in  very 
good  agreement  with  the  experiment.  Nonlinearities  at  high 
densities  are  calculated  and  analyzed  by  an  analytical  for¬ 
mula.  Signals  and  nonlinearities  versus  record  gap  lengths 
are  studied. 

In  Sec.  II,  system  parameters  and  a  simulation  model 
will  be  introduced.  In  Sec.  Ill,  signals  and  nonlinearities  in 
thin  MP  tape  media  are  analyzed. 


II.  SYSTEM  PARAMETERS  AND  SIMULATION  MODEL 

Thin  MP  tape  media  are  simulated  with  N—2000  par¬ 
ticles.  The  thickness  of  the  medium  is  about  5-8  /x in.  The 
particle  width  is  about  0.6 -0.8  /xin.  and  the  particle  length  is 
3-4  (i in.  We  utilize  a  three-dimensional  micromagnetic 
simulation  model  for  particulate  tape  media.3,4  For  simplic¬ 
ity,  the  medium  is  modeled  by  a  three-dimensional  sample  of 
5:1  ellipsoidal  particles.  The  particle  centers  are  randomly 
distributed.  Particles  are  very  well  oriented  so  that  the  non¬ 
interacting  squareness  50= 0.83.  The  cross  section  of  the 
simulated  medium  is  shown  in  Fig.  1.  The  sample  size  is 
typically  5  /x m  in  the  down-track  direction  and  8  /x in.  in 
width.  The  packing  fraction  is  about  0.4.  The  record  gap 
length  g  is  varied  from  6-12  /xin.  and  the  head-medium 
spacing  d  is  2-3  /xin.  The  shield  to  element  spacing  in  the 
playback  shielded  MR  head  is  in  the  range  4.5-10  /xin.  Pe¬ 
riodic  boundary  conditions  were  applied  in  the  width  direc¬ 
tion. 

Magnetostatic  interactions  dominate  the  computational 
time.  Due  to  the  spatial  random  placement  of  particles,  fast 
Fourier  transform  (FFT)  techniques  cannot  be  used.3,4  In  this 


article,  interactions  are  approximated  by  exact  interactions 
from  neighbor  particles  plus  a  mean-field  contribution  from 
nonneighbor  particles.  The  scaled  magnetostatic  interacting 
field  hj„,3  Eq.  (3)  acting  on  f  th  particle  is  calculated  approxi¬ 
mately  as6 


K=~  2  (RjNijRj)- mj+hl 

h(j’i) 


(1) 


The  matrix  N is  a  3X3  dimensionless  interaction  matrix 
between  f  th  and  j* th  particles.  The  term  (jj)  indicates  that 
the  j’th  particle  is  a  neighbor  of  the  i’th  particle  (about  30 
neighbors  are  included  for  each  particle).  The  term  is 
the  mean-field  contributions  from  the  nonneighbor  particles. 
In  a  uniform  external  field,  is  a  constant  and  only  a 
function  of  the  average  magnetization.  In  a  spatially  nonuni¬ 
form  external  field,  h^ean  depends  on  the  magnetization  pat¬ 
tern  of  the  nonneighbor  particles.  This  approximation  de¬ 
creases  the  memory  by  20-30  times  and  the  simulation  time 
by  a  factor  of  8. 

The  M-H  loop  was  calculated  utilizing  the  above  param¬ 
eters;  the  interacting  coercivity  tfc  =  9.82Mr  (or 
47rMr/Hc  =  1.3)6  and  squareness  5=0.86  (neglecting  inter¬ 
actions,  Hc  =  4 7rMr  and  5=0.83).6  The  loop  fits  typical  me¬ 
dia  neglecting  a  crystalline  anisotropy  field. 


III.  RESULTS 

Square  waves  are  recorded  separately  on  ac-erased  me¬ 
dia  at  various  densities.  The  voltage  spectrum  is  calculated 
by  performing  the  direct  spectral  sum  of  all  particles  in  the 
recorded  magnetization  pattern.3,7  Here,  we  use  a  MR  head 
response  function  hf(k),  where  the  surface  field  function 
hs(x)  is  given  by8 


^Manuscript  received  November  15,  1995.  Kodak  student  fellow. 


FIG.  1.  Cross  section  of  a  simulated  thin  MP  tape  and  the  record  head. 
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FIG.  2.  Simulated  and  experimental  output  curve  in  a  Fuji  dc  tape. 


FIG.  3.  Output  curves  for  the  thick  and  200  nm  thin  MP  tapes.  All  other 
parameters  are  fixed  for  both  media. 


(2) 


where  the  down- track  distance  x  is  normalized  by  GMRI2, 
half  of  the  shield  to  shield  MR  gap  length;  a  is  the  ratio  of 
MR  element  thickness  t  to  GMR ,  usually  chosen  as  0.1;  the 
constant  Cnor  will  normalize  the  integration  of  the  second 
part  to  be  one.8 

The  output  curve  for  square  wave  recording  in  a  tape 
medium  is  a  function  of  signal  (fundamental  peak  voltage) 
versus  density.  In  Fig.  2,  a  simulated  output  curve  is  com¬ 
pared  with  experiment5  in  a  Fuji  dc  tape.  The  thickness  of 
the  simulated  tape  medium  is  chosen  to  be  8  jl tin.  and  the  5:1 
ellipsoidal  particle  length  is  4  jn in.  The  record  gap  length  is 
g  =  12  fx in.  and  the  MR  head  gap  length  is  20  yidn.,  as  in  the 
experiment.  The  flying  height  is  set  to  be  3  /dn.  The  experi¬ 
mental  deep  gap  field  Hg  has  a  small  value  of  1.5 Hc .  The 
simulated  output  curve  fits  very  well  with  the  experiment. 
The  isolated  pulse  is  also  studied,  and  fits  very  well  with  the 
experiment.9  The  recording  depth  is  about  6  ju in.  Because  of 
the  small  deep  gap  field,  the  transition  width  increases  rap¬ 
idly  versus  depth  into  the  medium:  the  a  parameter  increases 
from  1.4  frin.  at  the  surface  to  6  /dn.  at  a  depth  of  3.6  fim. 
into  the  tape.  If  the  peak  voltage  is  analyzed  by  assuming  a 
constant  a  parameter  over  the  depth,  the  estimated  recording 
depth  will  be  less  than  3.6  fxm. 

The  thin  metal-particle  tape  has  a  much  better  high- 
frequency  performance  than  the  traditional  thick  tape.  In 
Fig.  3,  computed  output  curves  in  the  two  media  are  com¬ 
pared.  The  thin  medium  is  better  oriented.  The  record  gap 
length  g,  the  flying  height  d ,  and  the  MR  gap  length  GMR 
have  the  same  values  as  in  Fig.  2.  The  deep  gap  field  is 
chosen  as  HgiHc~ 4.  The  dash  curve  is  the  output  for  tradi¬ 
tional  thick  tape  media  (ArrM r/Hc  =  l.6,  5'=0.83).2,3  The 
solid  curve  is  for  the  Fuji  dc  tape  of  similar  size  particles 
with  smaller  thickness  <5=8  (M n.  and  better  orientation.  At 
extremely  low  densities  (k<20  KFCI),  signals  in  two  media 
are  almost  the  same.  At  the  density  of  150  KFCI,  the  voltage 
for  the  Fuji  dc  tape  is  -29  dB,  which  is  much  better  than 
-42  dB  for  the  thick  tape.  We  also  calculated  the  output 


curve  for  the  same  system  parameters  in  a  thinner  MP  tape 
(<5=5  fjdn.)  and  the  result  is  almost  the  same  as  the  solid 
curve  in  Fig.  3. 

The  recording  depth  in  the  thick  medium  is  about 
9.6  ^tin.  with  HgfHc~ 4.3  For  an  isolated  transition  in 
thick  tape,2  the  transition  center  shifts  and  the  transition 
width  increases  with  depth.  However,  the  a  parameter  is 
virtually  a  constant  versus  depth  in  the  thin  MP  tape 
with  HgIHc~ 4.  For  an  isolated  transition,  the  average  (a) 
(over  depth)  for  the  thick  tape  is  larger  than  that  for  the  thin 
tape,  but  is  still  much  less  than  the  gap  length.  Therefore,  at 
very  low  densities,  signals  in  the  two  media  are  almost  the 
same. 

At  high  densities,  nonlinearity  will  occur.  We  have  found 
the  transition  width  will  increase  with  the  recording  density 
because  of  the  demagnetizing  interactions  among  neighbor 
transitions  and  the  spatial  extent  of  the  record  head  field  (at 
previously  recorded  transitions).  We  calculate  the  average 
transition  width  (a(k))  by  fitting  the  magnetization  m(x)  for 
various  density  k,  shown  in  Fig.  4  for  the  thick  and  thin  MP 
tapes.  The  symbol  (  )  means  averaging  over  transitions,  but 
also  averaging  through  the  depth  for  the  thick  tape.  The  a 


FIG.  4.  The  transition  width  of  square  waves  vs  density  for  the  thick  and 
thin  particulate  tape  media. 
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FIG.  5.  Nonlinearity  curves  of  the  thin  and  thick  particulate  tapes.  Two  solid 
curves  are  simulation  results,  and  two  dash  curves  are  theoretical  estimates. 


parameter  is  not  only  larger,  but  also  increases  much  faster  in 
the  thick  tape  than  in  the  thin  tape,  which  results  in  the 
voltage  difference  at  high  densities. 

Our  assessment  of  nonlinearity  at  a  square  wave  density 
k  is  defined  as  Vi(k)/3V3(k/3 ),  where  Vx(k)  is  the  funda¬ 
mental  peak  with  a  bit  length  B  =  irlk  and  V3(kl3)  is  the 
third  harmonic  peak  with  a  bit  length  3 B.5  VY(k)  and  V3(k) 
can  be  obtained  by  integrals 

f*/2  2x 

\  dx  sm(mkx)tmh  — — —  (3) 

Jo  TT{a(k)) 

where  the  integer  m  =  1,3,5,...  ;  and  ( a(k ))  is  the  fitted  aver¬ 
age  transition  width  versus  density  plotted  in  Fig.  4.  In  Fig. 
5,  the  simulated  (solid)  and  analytical  (dash)  nonlinearity 
curves  are  plotted  for  the  thick  and  thin  particulate  tape  me¬ 
dia.  The  theoretical  nonlinearity  curves,  calculated  by  utiliz¬ 
ing  Eq.  (3)  and  Fig.  4,  fit  very  well  with  the  simulated  curves 
for  both  media.  Therefore,  the  nonlinearity  in  tape  is  due  to 
transition  width  increase  rather  than  “percolation”  as  seen  in 
disk  recording.7 

The  output  and  nonlinearity  curves  in  a  thinner  MP  tape 
media  are  also  studied  with  three  different  record  gap 
lengths.  The  thickness  of  the  media  is  £=5  /zin.  The  5:1 


FIG.  6.  The  1-0  curve  with  g=6  /-tin.  in  the  130  nm  thin  MP  tape. 


KFCI 


FIG.  7.  Output  curves  with  three  record  gap  lengths  6,  9,  and  12  /t in.  in  a 
130  nm  thin  MP  tape. 


ellipsoidal  particle  length  is  1=3  /zin.  The  shield-to-shield 
MR  gap  length  is  chosen  as  GMR= 9  /zin.  The  1-0  curve 
with  g=6  /zin.  is  shown  in  Fig.  6  at  two  high  densities  93 
KFCI  and  185  KFCI.  From  Fig.  6,  the  optimum  deep  gap 
fields  are  chosen  as  Hg/Hc= 4,3,3  for  g= 6,9, 12  /z in.,  respec¬ 
tively.  Note  for  the  thin  media,  the  optimized  record  current 
is  approximately  independent  of  the  density. 

In  Fig.  7,  three  output  curves  for  the  £=.13  /zm  thin  tape 
are  plotted  with  g  =  6  /zin.  (dash-dot),  g=  9  /zin.  (solid)  and 
g  =  12  /zin.  (dash),  respectively.  The  signal  curve  (long-dash) 
for  the  thick  tape  (the  same  as  in  Fig.  3)  is  plotted  for  a 
reference.  At  a  low  density  of  40  KFCI,  the  output  voltages 
are  almost  identical  for  three  different  gaps,  but  are  about  7 
dB  lower  than  the  signal  in  the  thick  tape:  this  result  is  due  to 
a  thickness  of  S=5  /zin.  which  is  about  half  of  the  recording 
depth  in  the  thick  tape.  The  signals  in  the  thin  MP  medium 
are  -18  dB,  -19  dB,  -22  dB  at  150  KFCI;  and  -27.5  dB, 
—29  dB,  -34  dB  at  200  KFCI  for  g =6,9, 12  /zin.,  respec¬ 
tively.  The  high-frequency  response  for  the  thin  tape  is  about 
20  dB  better  than  the  thick  tape  at  150  KFCI. 
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Computer  simulation  of  ultrahigh-density  perpendicular  magnetic  recording 

K.  Yoshida,  M.  Hara,  Y.  Hirayama,  and  Y.  Sugita 

Central  Research  Laboratory,  Hitachi,  Ltd.,  Tokyo  185,  Japan 

The  possibility  of  ultrahigh-density  recording  higher  than  10  Gb/in.2  with  perpendicular  magnetic 
recording  is  investigated  by  computer  simulation  for  a  ring-type  head  and  single-layer  medium 
combination.  A  nucleation  model  is  used  as  a  media  model  because  it  incorporates  a  nucleation  site, 
which  causes  irreversible  magnetization  switching.  Fundamental  read— write  characteristics  are 
found  to  be  entirely  different  from  those  of  longitudinal  recording.  Recorded  magnetization  strongly 
depends  on  head  field  strength;  the  maximum  magnetization  appears  around  the  head  field  strength 
of  media  coercivity,  and  beyond  this  the  recorded  magnetization  decreases  abruptly.  Spacing  loss  in 
the  recording  process  also  depends  on  head  field  strength  and  recording  density.  However,  saturation 
recording  can  be  attained  even  at  an  ultrahigh  recording  density  of  600  kFCI  with  a  spacing  of  30 
nm.  Also,  a  higher  signal-to-noise  ratio  than  in  longitudinal  recording  can  be  obtained  by 
introducing  weak  intergrain  exchange  interaction  with  a  relatively  large  grain  size  in  the  media  film. 

This  suggests  that  perpendicular  magnetic  recording  is  stable  in  thermal  fluctuation.  ©  1996 
American  Institute  of  Physics.  [S0021 -8979(96)  10508-X] 


I.  INTRODUCTION 

The  recording  density  of  hard  disk  drives  is  increasing. 
In  the  near  future,  areal  recording  density  is  expected  to  ap¬ 
proach  up  to  10  Gb/in.2.  Beyond  10  Gb/in.2,  however,  longi¬ 
tudinal  magnetic  recording  may  encounter  serious  problems, 
as  a  result  of  residual  magnetization  that  is  too  low,  coerciv¬ 
ity  that  is  too  high,  and  strong  thermal  fluctuation1  due  to 
thin  film  thickness.  Perpendicular  magnetic  recording,  on  the 
other  hand,  has  the  potential  to  attain  an  ultrahigh  recording 
density  of  over  10  Gb/in.2  because  of  its  stable  recorded 
mode  at  a  high  recording  density  region.2  This  type  of  re¬ 
cording  has  two  magnetic  head  and  medium  combinations; 
the  first  is  a  single-pole-type  head  and  a  double-layered  me¬ 
dium  (SPT/DL),3  and  the  second  is  a  ring-type  head  and  a 
single-layered  medium  (RT/SL).  The  latter  combination  is 
better  from  a  practical  point  of  view,  although  the  former  is 
thought  to  be  an  ideal  combination  for  perpendicular  mag¬ 
netic  recording. 

The  purpose  of  this  study  is  to  investigate  by  computer 
simulation  the  possibility  of  ultrahigh-density  recording  with 
the  RT/SL  combination.  Zhu  and  Ye4  and  Che  and  Bertram5 
performed  simulations  for  perpendicular  magnetic  recording, 
however,  their  studies  focused  on  the  SPT/DL  combination. 
In  our  studies,  we  simulate  the  fundamental  read-write  char¬ 
acteristics  of  perpendicular  magnetic  recording,  and  compare 
them  with  longitudinal  recording.  The  possibility  of  an 
ultrahigh-density  recording  with  perpendicular  magnetic  re¬ 
cording  of  the  RT/SL  combination  is  discussed. 

II.  CALCULATION  METHOD 

In  computer  simulations  of  magnetic  recording,  the  re¬ 
cording  media  usually  consist  of  a  closely  packed  regular 
array  of  hexagonal  prisms.  However,  magnetization  curves 
calculated  with  this  model  never  agree  with  experimental 
results.  The  calculated  switching  fields  (Hsv/)  are  always 
larger  than  those  of  the  experiments,  resulting  in  a  higher 
coercivity  and  squareness.  Thus,  for  the  calculation  and  ex¬ 
periment  to  agree,  a  much  lower  anisotropy  field  (Hk)  or 
stronger  exchange  interaction  constant  has  to  be  used.  To 
solve  this  problem,  we  used  the  nucleation  model,  proposed 


by  Chang  and  Zhu6  for  magnetization  reversal  simulation  of 
Ba-ferrite  platelet  particles.  In  this  model,  each  grain  is  di¬ 
vided  into  smaller  subgrains.  The  subgrain  with  the  lowest 
anisotropy  field  (Hkn)  is  located  on  the  outermost  side,  as 
shown  in  Fig.  1,  and  functions  as  a  nucleation  site.  Based  on 
the  model,  the  switching  field  (HSVI)  and  perpendicular  coer¬ 
civity  decreased  considerably,  although  the  effects  depend  on 
grain  size  and  the  number  of  subgrains. 

The  following  calculation  conditions  were  chosen  for  the 
simulation;  the  saturation  magnetization  (Ms)  was  440 
emu/cm3;  the  anisotropy  field  (Hk)  of  the  normal  subgrain 
was  5750  Oe,  and  that  of  the  nucleation  site  (Hkn)  was  500 
Oe.  The  average  Hk  was  5000  Oe.  The  exchange  interaction 
constant  acting  within  one  grain  and  the  constants  acting 
between  the  neighboring  grains  are  defined  as  A,  and  Ab, 
respectively.  A,-  was  set  at  0.3X10  6  erg/cm  and  Ab  was 
varied  from  0  to  0.3 X 10-6  erg/cm.  The  value  of  A,  was  the 
most  effective  in  decreasing  Hsv/  and  squareness.  The  diam¬ 
eter  of  the  grain  was  30  nm  and  each  grain  was  divided  into 
seven  subgrains  with  a  diameter  of  10  nm.  The  dimensions 
of  the  medium  were  1 .2  yum  in  length  (track  direction)  and 
0.26  fim  in  width  (track  width  direction),  and  the  thickness 
was  50  nm.  The  boundary  condition  for  the  track  width  di¬ 
rection  was  periodic.  The  surface  charges  of  the  track  direc¬ 
tion  side  were  erased.  The  head  field  was  calculated  by  the 
Lindholm  equation.  The  head  field  (Hh)  means  a  vertical 


FIG.  1.  Media  model  (nucleation  model). 
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Normalized  head  field  strength  Hh/Hcl 
FIG.  2.  Dependence  of  signal  output  on  head  field  strength. 

field  strength  at  the  middle  of  the  media.  The  track  width  was 
1.0  fjm  and  the  gap  length  0.3  fim.  The  interaction  between 
the  head  and  media  was  calculated  by  the  mirror  effect. 

III.  RESULTS 

A.  Head  field  strength  dependence 

We  investigated  the  dependence  of  the  signal  output  on 
the  head  field  strength  at  the  middle  of  a  medium.  Figure  2 
shows  the  calculated  results.  The  recording  density  was  170 
kFCI  and  the  spacing  was  5  nm.  The  unshaded  circles  indi¬ 
cate  results  with  the  mirror  effect  and  the  shaded  circles  in¬ 
dicate  results  without  the  mirror  effect.  For  comparison,  we 
included  the  results  for  longitudinal  recording,  indicated  by  a 
broken  line.  The  maximum  output  for  perpendicular  record¬ 
ing  with  the  mirror  effect  and  that  of  longitudinal  recording 
were  equated.  For  perpendicular  recording  the  signal  has 
maximum  output  around  the  head  field  strength  ( Hh )  of  me¬ 
dia  coercivity  (HCJ,  but  it  decreases  abruptly  with  a  stron¬ 
ger  field  than  the  Hc  .  This  is  different  from  the  characteris¬ 
tics  of  longitudinal  recording  in  which  the  maximum  signal 
output  appears  at  twice  the  field  strength  of  the  media  coer¬ 
civity,  and  the  amplitude  changes  little  in  stronger  fields.  The 
output  of  the  signal  with  the  mirror  effect  is  about  twice  that 
without  the  mirror  effect,  meaning  that  the  interaction  be¬ 
tween  the  recording  head  and  the  media  facilitates  magnetic 
recording,  although  the  mirror  effect  may  overestimate  the 
interaction. 


TABLE  I.  Dependence  of  magnetic  properties  on  intergrain  exchange  inter¬ 
action  strength. 


(X106  erg/cm) 

HCl 

(Oe) 

Squareness 

Switching  field 
(Oe) 

0 

3400 

0.60 

3500 

0.1 

2750 

0.63 

3800 

0.2 

2200 

0.62 

3800 

0.3 

1300 

0.52 

4000 

B.  Spacing  dependence 

The  spacing  loss  of  perpendicular  magnetic  recording 
for  the  RT/SL  combination  is  an  important  issue.  Several 
experiments  have  suggested  that  the  spacing  loss,  especially 
in  the  recording  process,  is  very  large  and  the  spacing  loss 
coefficient  K  is  over  100  dB.7  This  is  one  reason  for  the 
necessity  of  proximate  recording.  Figure  3  shows  the  re¬ 
corded  magnetization  (Mrec)  dependence  at  170  and  400 
kFCI  on  the  spacing.  Here,  Mrec  means  the  magnetization 
averaged  over  a  recorded  bit  area.  The  head  field  strength  is 
1.0 Hc  and  0.6 Hc  .  The  spacing  dependence  strongly  relies 
on  head  field  strength  and  recording  density.  The  Mrec  larger 
than  0.6MS  can  be  obtained  by  adjusting  a  head  field  strength 
for  the  recording  density  of  170  kFCI  and  of  400  kFCI  in  a 
spacing  region  narrower  than  30  nm.  But,  the  spacing  loss 
increases  abruptly  over  a  spacing  of  30  nm,  especially  for 
1.0 Hc  .  The  spacing  loss  for  400  kFCI  is  smaller  than  for 
170  kFCI.  This  strong  dependence  of  Mrec  on  head  field 
strength  and  spacing  is  a  serious  problem  for  practical  use. 
This  dependence  may  result  from  an  insufficient  head  field 
gradient  of  the  z  component  at  the  trailing  edge  of  a  ring- 
type  head. 

C.  Effect  of  exchange  interaction 

In  longitudinal  recording,  reducing  exchange  interaction 
is  necessary  to  decrease  media  noise.  Reducing  exchange 
interaction  may  also  be  effective  in  attaining  a  high  signal- 
to-noise  ratio  in  perpendicular  recording,  however,  this  has 
not  been  confirmed.  In  this  section,  we  examine  the  effects  of 
exchange  interaction  on  signal  output  and  media  noise. 


FIG.  3.  Dependence  of  recorded  magnetization  on  head-medium  spacing. 
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FIG.  4.  Relationships  between  intergrain  exchange  interaction  and  recorded 
magnetization. 
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TABLE  II.  Comparison  of  signal-to-noise  ratios  of  perpendicular  recording  and  longitudinal  recording  at 
ultrahigh  density. 


Grain 

Relative  SN 

Ms 

Hk 

A*, 

He 

Thickness 

size 

(dB) 

(emu/cc) 

(Oe) 

(X 10-6  erg/cm) 

(Oe) 

(nm) 

(nm) 

400  kFCI  600  kFCI 

KuV/kT 

Perp  1 

440 

5000 

0.2 

2200 

50 

30 

+  5.5 

—800 

Perp  2 

440 

5000 

0.1 

2750 

50 

30 

+4  +1 

-800 

Long. 

360 

8320 

0 

4000 

20 

10 

0 

-50 

Intergrain  exchange  interaction  (Ab)  was  varied  from  0 
to  0.3  XlO-6  erg/cm.  Along  with  the  changes  in  the  exchange 
strength,  the  coercivity  changed  as  shown  in  Table  I.  Figures 
4  and  5  show  the  relationships  between  Ah  and  recorded 
magnetization,  and  Ab  and  media  noise,  respectively.  The 
insets  in  Fig.  4  show  recorded  magnetization  patterns  at  400 
kFCI.  At  any  linear  recording  density,  the  introduction  of  a 
weak  Ab  such  as  0.1  and  0.2X10-6  erg/cm  increases  the 
recorded  magnetization.  The  introduction  of  a  stronger  inter¬ 
action,  such  as  0.3  XlO-6  erg/cm,  decreases  the  recorded 
magnetization,  especially  at  high  recording  densities  of  400 
and  600  kFCI.  The  weak  interaction  also  tends  to  reduce 
media  noise,  and  strong  interaction  abruptly  increases  the 
media  noise  for  400  and  600  kFCI.  This  suggests  that  mod¬ 
erate  intergrain  exchange  interaction  is  favorable  for  attain¬ 
ing  a  high  signal-to-noise  ratio. 

Signal-to-noise  ratios  (SNRs)  of  perpendicular  magnetic 
recording  and  longitudinal  recording  at  recording  densities  of 
400  and  600  kFCI  are  compared  in  Table  II.  The  spacing  is 
assumed  to  be  30  nm.  The  SNRs  of  perpendicular  recording 
with  weak  exchange  interaction  are  much  higher  than  those 
of  longitudinal  recording,  despite  the  larger  grain  size  of  the 


FIG.  5.  Dependence  of  media  noise  power  on  intergrain  exchange  interac¬ 
tion. 


perpendicular  media.  Also,  the  ratio  of  anisotropy  energy  to 
thermal  energy  (kT\  k  is  the  Boltzmann  constant  and  T  is 
temperature)  is  about  800,  which  is  much  larger  than  that  of 
longitudinal  media.  This  means  that  perpendicular  recording 
is  very  stable  in  thermal  fluctuation. 

IV.  CONCLUSION 

Read-write  characteristics  for  perpendicular  magnetic 
recording  for  a  ring-type  head  and  single-layer  medium  com¬ 
bination  were  investigated  using  computer  simulation.  The 
following  results  were  obtained. 

(1)  Recorded  magnetization  strongly  depended  on  head 
field  strength  and  spacing  between  head  surface  and  media 
surface.  However,  magnetic  recording  could  be  attained  at  an 
ultrahigh-density  of  600  kFCI  by  carefully  adjusting  the  re¬ 
cording  head  field  and  writing  at  a  proximate  spacing  of  30 
nm. 

(2)  A  high  SNR  ratio  could  be  obtained  with  a  medium 
having  a  grain  size  of  30  nm  and  a  weak  intergrain  exchange 
interaction.  Thus,  perpendicular  magnetic  recording  is  stable 
in  thermal  fluctuation. 

ACKNOWLEDGMENTS 

We  would  like  to  express  our  gratitude  to  Dr.  N.  Hayashi 
and  Dr.  Y.  Nakatani  of  University  of  Electro- 
Communications  at  Tokyo  for  their  invaluable  information 
on  the  calculation  method.  We  are  also  indebted  to  Dr.  Y. 
Shiroishi  and  Dr.  M.  Futamoto  of  Central  Research  Labora¬ 
tory  for  their  invaluable  discussions  on  the  calculation  re¬ 
sults. 

1  P.-L.  Lu  and  S.  H.  Charap,  IEEE  Trans.  Magn.  30,  4230  (1994). 

2S.  Yamamoto,  Y.  Nakamura,  and  S.  Iwasaki,  IEEE  Trans.  Magn.  MAG-23, 
2070  (1987). 

3S.  Iwsaki,  Y.  Nakamura,  and  K.  Ouchi,  IEEE  Trans.  Magn.  MAG-15, 
1456  (1979). 

4J.-G.  Zhu  and  X.-G.  Ye,  IEEE  Trans.  Magn.  29,  3736  (1993). 

5X.  Che  and  H.  N.  Bertram,  IEEE  Trans.  Magn.  29,  3739  (1993). 

6T.  Chang  and  J.-G.  Zhu,  IEEE  Trans.  Magn.  29,  3619  (1993). 

7K.  Yoshida,  Y.  Honda,  T.  Kawsaki,  M.  Kiozumi,  F.  Kugiya,  M.  Futamoto, 
and  A.  Tonomura,  IEEE  Trans.  Magn.  MAG-23,  2073  (1987). 


5666  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Yoshida  et  al. 


Barkhausen  jumps  during  domain  wall  motion  in  thin  magneto-optical  films 
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A  method  with  high  spatial  resolution  is  developed  to  study  wall  motion  in  thin  magnetic  films  with 
perpendicular  anisotropy.  Barkhausen  jumps  during  domain  wall  motion  in  amorphous  TbFeCo 
films  and  polycrystalline  Co/Pd  multilayer  films  have  been  observed.  The  average  distance  between 
strong  pinning  sites  in  Co/Pd  was  found  to  be  around  0.3-0.4  pm.  Maximum  pinning  times  as  long 
as  several  seconds  were  observed.  Magnitudes  of  major  jumps  in  TbFeCo  were  around  0.7  pm. 

©  1996  American  Institute  of  Physics.  [S002 1-8979(96)05908-0] 


I.  INTRODUCTION 

Jaggedness  of  a  recorded  domain  causes  additional  noise 
during  magneto-optical  (MO)  readout.  The  jaggedness  is 
produced  by  Barkhausen  jumps  during  domain  wall  motion 
within  a  nonuniform  medium  containing  pinning  sites.1 
When  a  domain  wall  climbs  out  of  one  pinning  site  and  falls 
into  an  adjacent  trap,  it  produces  a  Barkhausen  jump.  The 
wall  can  get  over  the  energy  barrier  due  to  an  energy  supply 
from  an  external  magnetic  field,2  due  to  increased  surface 
tension  of  the  wall  itself,3  by  thermal  activation,4  and 
through  certain  tunneling  mechanisms.5  The  average  wall  ve¬ 
locity  depends  on  the  average  distance  between  pinning  sites 
and  also  on  the  average  time  it  takes  the  wall  to  overcome 
pinning.  Therefore,  experimental  measurements  of  average 
wall  velocity  6-8  generally  produce  the  ratio  of  average 
Barkhausen  jump  distance  to  average  pinning  time,  rather 
than  the  values  of  each  parameter  individually. 

In  this  article  we  study  domain  wall  motion  in  Co/Pd 
multilayers  and  in  amorphous  TbFeCo  thin  films  using  a  fo¬ 
cused  laser  beam  in  a  magneto-optical  Kerr  loop  tracer. 

II.  EXPERIMENT 

Co/Pd  multilayers  were  sputtered  in  an  argon  environ¬ 
ment  onto  Si(lll)  substrates  coated  with  85  nm  of  SiN  sub¬ 
layer.  Individual  layer  thicknesses  of  Co  and  Pd  were  1 .6  and 
6.3  A,  respectively.  In  this  study  we  used  samples  having  10 
and  20  Co/Pd  pairs  of  layers;  we  will  refer  to  these  films  as 
Co/Pd-80  A  and  Co/Pd- 160  A,  respectively.  The  TbFeCo 
film  was  also  fabricated  by  sputtering  in  an  argon  environ¬ 
ment  onto  a  Si  substrate.  The  film  had  a  TM-rich  composi¬ 
tion  and  was  approximately  100  nm  thick. 

The  experimental  setup  for  this  study  is  described  in 
detail  in  Ref.  9.  The  motion  of  domain  walls  was  monitored 
with  a  780  nm  diode  laser  whose  beam  was  focused  onto  an 
approximately  2  pm  diam  spot  (lie  intensity  radius  pm). 
The  reflected  beam  was  picked  up  by  a  differential  detector. 
When  the  domain  wall  was  moving  under  the  focused  spot, 
the  differential  output  signal  was  sampled  by  a  computer  at 
equal  time  intervals.  The  estimated  spatial  resolution  in  mea¬ 
suring  the  position  of  a  given  domain  wall  was  about  50  nm. 

Figure  1(a)  shows  a  jagged  domain  wall  whose  profile  is 
described  by  the  function  x(y),  and  is  assumed  to  be  moving 
with  an  average  velocity  v  from  right  to  left.  The  average 
distance  between  the  wall  and  the  Y  axis  will  be  denoted  by 
x0.  The  circle  with  radius  R0  represents  the  focused  laser 
spot,  which  is  assumed  to  have  a  Gaussian  intensity  profile 


with  a  1/e  radius  of  R0.  The  apparent  Kerr  rotation  angle  a 
measured  at  an  arbitrary  position  xQ  of  the  wall  is  given  by 

a/am ax=2  I  °exp(-x2/Rl)dxl(4irR0),  (1) 

Jo 

where  amax  is  the  Kerr  rotation  angle  of  the  saturated  sample. 
Figure  1(b)  shows  the  theoretical  dependence  of  a/amax  on 
x 0  =  vt,  obtained  from  Eq.  (1).  Here  v  is  the  wall  velocity 
and  t  is  the  time  relative  to  the  instant  at  which  the  wall 
crosses  the  center  of  the  focused  spot.  In  our  experiments  R0 
was  about  1  pm  (measured  directly  using  the  knife-edge 
method).  Figure  1(b)  has  been  used  throughout  this  article  to 
determine  domain  wall  velocities. 

Figure  2  shows  domain  structures  in  two  different  Co/Pd 
multilayer  films.  In  (a)  the  domain  structure  within  the  Co/ 
Pd-80  A  film  is  seen  to  be  solid  and  free  from  mazelike 
patterns.  On  a  micrometer  scale  (the  size  of  the  focused  spot) 
the  wall  is  fairly  straight,  thus  justifying  the  approach  taken 
in  arriving  at  Eq.  (1).  [Our  TbFeCo  film  also  possesses  a 
domain  structure  similar  to  that  shown  in  Fig.  2(a).]  In  the 
Co/Pd- 160  A  film,  the  mazelike  domain  structure  of  Fig.  2(b) 
is  observed.  Thus,  Eq.  (1)  is  not  applicable  to  this  film. 


FIG.  1.  (a)  Schematic  diagram  showing  the  passage  of  a  wall  through  a 
region  of  MO  film  illuminated  by  a  focused  laser  beam.  R0  is  the  l/e  radius 
of  the  focused  spot,  (b)  Normalized  differential  detector  output  during  the 
uniform  motion  of  a  straight  domain  wall  under  the  focused  spot  having 
R0=  1  pm. 
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FIG.  2.  (a)  Domain  structure  developing  in  Co/Pd-80  A  film  under  a  bias 
magnetic  field  of  1.2  kOe.  (b)  Domain  structure  developing  in  Co/Pd- 160  A 
film  under  a  bias  field  of  2.0  kOe. 


III.  RESULTS  AND  DISCUSSION 
A.  Wall  motion  in  Co/Pd-80  A  film 

Figure  3  shows  the  differential  signals  during  the  pas¬ 
sage  of  a  domain  wall  under  the  focused  spot.  The  shape  of 
the  curve  indicates  that  the  wall  motion  is  not  smooth,  but 
rather  consists  of  jumps  separated  by  pinnings  at  certain  lo¬ 
cations.  The  average  number  of  large  jumps  is  typically  five 
or  six,  indicating  that  the  distance  between  strong  pinning 
sites  is  around  0.3-0.4  /am.  With  the  magnetic  field  of  1.02 
kOe  applied  in  this  experiment,  pinning  times  as  long  as 
several  s  were  observed.  During  a  jump  the  wall  velocity  is 
greater  than  the  average  wall  velocity.  The  ratio  of  maximum 
velocity  (Vmax)  to  average  velocity  (Vave)  of  the  wall  in  Fig. 
3(a)  is  about  six.  Between  strong  pinning  sites  there  exist 
weaker  sites  that  cause  short  delays  in  the  wall  motion.  Fig¬ 
ure  3(b)  is  an  enlarged  view  of  the  encircled  region  in  Fig. 
3(a).  Figure  3(a)  shows  a  number  of  different  pinning  times 
and  different  magnitudes  of  jumps. 


FIG.  3.  Differential  signals  obtained  during  the  passage  of  a  wall  under  a 
focused  spot  in  the  Co/Pd-80  A  film  under  an  external  magnetic  field,  (a) 
#=1.02  kOe.  (b)  Enlarged  view  of  the  encircled  region  in  (a),  (c)  H— 1.05 
kOe.  (d)  #=1.25  kOe. 


1.0  1.2  2.8  3.0  3.2 

H  (kOe)  H(kOe) 


FIG.  4.  Maximum  domain  wall  pinning  time  vs  the  strength  of  the  magnetic 
field,  (a)  in  the  Co/Pd-80  A  film;  (b)  in  the  TbFeCo  film. 


At  higher  magnetic  fields  the  wall  velocity  increases  and 
the  wall  passes  under  the  focused  spot  in  shorter  times  [see 
Figs.  3(c)  and  3(d)].  The  pinning  times  become  shorter  at 
higher  fields,  and  there  are  fewer  large  jumps.  Figure  4(a) 
shows  the  magnetic-field  dependence  of  the  maximum  pin¬ 
ning  time  experienced  by  the  wall.  Clearly  there  is  an  expo¬ 
nential  decrease  of  the  pinning  time  with  the  increasing  mag¬ 
netic  field.  Figure  4(b)  shows  the  similar  behavior  of  the 
TbFeCo  sample  which  will  be  discussed  later  in  the  article. 

Both  Vmax  and  Vave  increase  exponentially  with  H  in  the 
range  of  1.0- 1.3  kOe,  as  shown  in  Fig.  5(a).  The  slope  of 
Vave  on  a  logarithmic  scale  is  slightly  larger  than  that  of 
Vmax ,  indicating  that  the  ratio  of  Fmax  to  Vave  must  decrease 
with  the  increasing  magnetic  field  [see  Fig.  5(b)]. 

B.  Wall  motion  in  amorphous  TbFeCo  film 

Figure  6  shows  the  differential  signals  obtained  during 
the  passage  of  a  domain  wall  under  the  focused  spot  in 
TbFeCo  film.  As  in  the  Co/Pd-80  A  film,  the  motion  consists 
of  jumps  separated  by  pinnings  at  certain  locations.  Unlike 
the  Co/Pd-80  A  film,  however,  there  are  fewer  strong  pinning 
sites  within  the  illuminated  area.  In  Fig.  6(a),  where  the  ap¬ 
plied  field  is  H= 2.8  kOe,  we  observe  only  three  major 
jumps,  implying  that  the  average  distance  between  strong 
pinning  sites  is  about  0.7  fim.  Between  strong  pinning  sites 


FIG.  5.  (a)  Maximum  and  average  wall  velocities  in  Co/Pd-80  A  film  vs  the 
applied  magnetic  field,  (b)  Ratio  of  the  velocities. 
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FIG.  6.  Differential  signals  during  the  passage  of  a  domain  wall  under  the 
focused  spot  in  TbFeCo  film  in  the  presence  of  an  external  magnetic  field, 
(a)  77  = 2.8  kOe.  (b)  77= 3.2  kOe. 

there  exist  weak  sites  which  block  the  wall  motion  for  short 
periods  of  time.  In  the  TbFeCo  film  during  and  in  between 
major  jumps,  the  wall  experiences  rather  strong  pinning  from 
weak  sites  as  compared  with  the  Co/Pd-80  A  film.  This  leads 
to  a  lower  Vmax  during  the  major  jumps  in  TbFeCo.  At  the 
higher  magnetic  field  of  3.2  kOe,  shown  in  Fig.  6(b),  the  wall 
velocity  increases  while  the  pinning  times  decrease. 

Figure  4(b)  shows  the  magnetic-field  dependence  of  the 
maximum  pinning  time  experienced  by  the  wall  in  TbFeCo 
film;  clearly,  there  is  an  exponential  decrease  of  the  pinning 
time  with  the  increasing  field.  The  slope  of  this  curve  is 
smaller  than  that  in  Fig.  4(a),  which  corresponds  to  Co/Pd-80 
A.  Within  a  300  Oe  range  of  magnetic  fields,  the  pinning 
time  changes  by  four  orders  of  magnitude  in  Co/Pd-80  A, 
whereas  it  changes  by  only  two  orders  in  TbFeCo. 

In  the  TbFeCo  film,  Vmax  and  Vave  increase  exponentially 
with  H  in  the  range  of  2. 8-3. 3  kOe  [see  Fig.  7(a)].  On  a 
logarithmic  scale  the  slope  of  Vave  is  slightly  larger  than  that 
of  Vmax,  indicating  that  the  ratio  Fmax/Vave  must  decrease 
with  the  increasing  field  [see  Fig.  7(b)].  The  slopes  of  both 
Fave  and  Vmax  for  TbFeCo  shown  in  Fig.  7(a)  are  much 
smaller  than  those  of  Co/Pd-80  A  shown  in  Fig.  5(a).  This 
implies  significantly  lower  wall  mobilities  for  the  TbFeCo 
sample.  The  highest  Vmax/Fave  in  TbFeCo  is  about  2.5, 


FIG.  7.  (a)  Maximum  and  average  wall  velocities  in  TbFeCo  film  vs  the 
applied  magnetic  field,  (b)  Ratio  of  the  velocities. 


FIG.  8.  Differential  signals  during  the  passage  of  a  domain  structure  under 
the  focused  spot  in  Co/Pd- 160  A  film  in  the  presence  of  an  external  mag¬ 
netic  field,  (a)  77=2.25  kOe.  (b)  77=3.1  kOe. 

whereas  that  in  Co/Pd-80  A  is  about  6.  (These  ratios  are 
evaluated  at  similar  values  of  Vave,  namely,  at  0.3  and  0.2 
yttm/s,  respectively.)  We  conclude  that  Vave  in  Co/Pd  is  con¬ 
trolled  primarily  by  pinnings  at  randomly  distributed,  strong 
pinning  sites.  In  contrast,  TbFeCo  has  more  frequent  pin¬ 
nings  and  the  pinning  strength  is  distributed  more  uniformly. 

C.  Wall  motion  in  Co/Pd-160  A  film 

As  mentioned  earlier,  we  cannot  apply  Eq.  (1)  to  deter¬ 
mine  wall  velocity  in  this  sample,  which  has  the  complicated 
domain  structure  shown  in  Fig.  2(b).  Therefore,  in  this  sec¬ 
tion  we  provide  only  general  considerations  on  wall  motion 
in  this  film.  Figure  8  shows  the  differential  readout  signal 
during  the  passage  of  a  domain  structure  under  the  focused 
spot.  The  plots  consist  of  jumps  separated  by  wall  pinnings 
at  certain  points.  Both  plots  are  asymmetric,  having  a  smaller 
slope  at  the  end  of  the  process  (where  the  signal  level  is  close 
to  +0.2°)  rather  than  in  the  beginning.  The  pinning  times 
also  become  longer  towards  the  end  of  the  process.  More¬ 
over,  at  the  lower  field  shown  in  Fig.  8(a),  the  region  under 
the  focused  spot  remains  partially  unreversed  after  the  pas¬ 
sage  of  the  domain  structure.  (To  see  this,  note  that  a  maxi¬ 
mum  Ken*  angle  of  0.12°  is  achieved  compared  to  the  satu¬ 
ration  value  of  0.2°.)  In  the  case  of  the  higher  magnetic  field, 
shown  in  Fig.  8(b),  the  final  signal  is  close  to  the  saturation 
level,  indicating  that  the  illuminated  area  is  fully  reversed 
after  the  passage  of  the  domain  structure. 
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Simulation  of  magneto-optic  readout  signal  spectrum  using  digitized 
mark  and  beam  patterns  (abstract) 
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This  paper  describes  a  simple  and  convenient  simulation  method,  which  uses  analytical  models1  for 
mark  and  beam  patterns.  The  readout  signal  of  optical  disk  system  is  obtained  by  two-dimensional 
convolution  of  Gaussian  intensity  beam  pattern  and  elliptical  mark  pattern.  Then,  signal  spectrum  is 
obtained  by  executing  a  fast  Fourier  transform  algorithm  after  adding  quantitative  MO  noise  sources 
within  bandwidth.  For  simulation,  the  two-dimensional  distributions  of  mark  reflectivity  and  beam 
intensity  were  digitized,  which  enabled  us  to  use  easily  available  algorithm  routines  in  digital  signal 
processing.  The  resolution  of  the  beam  and  mark  patterns  can  easily  be  adjusted  by  changing  the 
number  of  bits  representing  the  patterns.  Also,  various  noise  sources  in  the  MO  disk  system  can  be 
selectively  added  using  random  function  generator.  Simulated  signal  spectra  were  compared  with 
experimental  results.2  The  parameters  used  were  as  follows:  laser  beam  width  was  780  nm,  NA  was 
0.55,  signal  frequency  was  9.4  MFlz,  duty  ratio  was  38%,  and  minimum  mark  dimension  was  0.6 
ixm  by  0.75  pt m.  Simulated  C/N  ratio  was  50  dB,  which  was  very  close  to  the  experimental  value 
of  52  dB.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)46308-9] 


1T.  Tanabe,  Y.  Tanaka,  and  R.  Arai,  Proc.  SPIE  1663,  196  (1992). 

2H.  Miyamoto,  M.  Ojima,  T.  Toda,  T.  Niihara,  T.  Maeda,  J.  Saito,  H.  Mat- 
sumoto,  T.  Hosokawa,  and  H.  Akasaka,  Jpn.  J.  Appl.  Phys.  32,  5457 
(1993). 
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systems  by  track  edge  writing  for  various  pole  tip  geometries 
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The  typical  configuration  for  inductive  write/magnetoresistive  read  heads  used  in  hard  disk 
applications  involves  a  shared  pole  (shield)  between  the  write  transducer  and  the  read  transducer. 

The  shared  pole  forms  the  leading  pole  of  the  write  portion  of  the  head.  The  write  track  width  is 
primarily  determined  by  the  width  of  the  trailing  pole,  however,  the  leading  pole  geometry  has  an 
important  influence  on  track-edge  writing  effects  and,  therefore,  on  embedded  servo  system 
performance.  This  effect  is  simulated  for  shared  pole,  trimmed  pole,  and,  for  comparison, 
conventional  inductive  head  pole  geometries.  The  merits  of  each  geometry  and  impact  of  side 
writing  on  servo  is  discussed.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)28 108-2] 


I.  INTRODUCTION 

The  continuous  increase  in  areal  density  required  by  in¬ 
dustry  demands  narrower  tracks  and  magnetoresistive  (MR) 
heads.  Narrower  tracks  increase  the  importance  of  track  edge 
effects  in  the  design  of  recording  systems.  The  use  of  MR 
heads  introduces  new  physics  to  the  readback  process.  The 
MR  readback  element  responds  to  the  flux  from  the  track 
directly  in  contrast  to  the  inductive  case  where  it  is  the  par¬ 
tial  derivative  of  the  flux  taken  in  the  down-the-track  direc¬ 
tion  that  is  transduced.  The  result  is  that  the  MR  head  re¬ 
sponds  to  the  track-edge  charge  created  during  the  write 
process,1  an  edge  effect  one  does  not  have  to  consider  with 
inductive  heads. 

The  goal  of  this  work  is  to  analyze  the  dependency  of 
track-edge  writing  on  pole  geometry  and  the  effect  that  the 
track-edge  charge  has  on  servo  gain  linearity  and  position 
error  signal  (PES)  noise.  The  patterns  of  track-edge  charge 
created  in  the  write  process  vary  for  each  pole  geometry;  the 
effect  this  has  on  the  servo  system  gain  depends  on  the  servo 
detector  method.  Two  detection  schemes  are  discussed,  area 
integrate  and  peak-peak  amplitude  demodulation.  For  the 
purpose  of  this  analysis,  media  noise  is  assumed  to  be  pro¬ 
portional  to  1  —  in2?  All  predictions  are  based  upon  a  three- 
dimensional  (3D)  self-consistent  recording  model. 


li.  MACROMAGNETIC  MODELING 

The  simulation  consists  of  a  3D  macromagnetic  media 
model  and  nonlinear  finite  element  model  (FEM)  3D  head 
field  models.3  The  macromagnetics  of  unoriented  thin  film 
media  is  simulated  with  a  new  vector  Preisach  hysteresis 
model.4  The  hysteresis  model  uses  a  biaxial  switching  func¬ 
tion  in  place  of  the  classic  square  loop  switching  function 
normally  associated  with  the  Preisach  model.  The  advantage 
of  this  approach  is  speed  since  micromagnetic  detail  can  be 
treated  in  terms  of  the  aggregate  or  macromagnetic  response. 


a) Author  to  whom  correspondence  should  be  addressed.  Present  address: 
Hewlett  Packard  Company,  PO  Box  15,  Boise,  ID  83707.  Electronic  mail: 
bjd@boi.hp.com 


Three  pole  geometries  were  considered  including  the 
most  common  implementation  of  the  write  portion  of  a  MR 
head,  the  shared  pole  geometry,  as  shown  in  Fig.  1.  The 
corresponding  head  fields,  including  saturation  effects,  were 
computed  for  the  midplane  of  the  medium,  which  is  75  nm 
from  the  poletips  in  this  case.  The  head  fields  are  then  used 
to  self-consistently  compute  the  resulting  magnetization  pat¬ 
tern  as  the  head  (field)  is  translated  down  the  track.  To  com¬ 
pute  a  representative  servo  magnetization  pattern,  dibits  were 
recorded  for  each  of  the  three  pole  geometries.  The  MR  out¬ 
put  is  proportional  to  the  flux  from  the  media  and,  therefore, 


Shared  Pole  Geometry 

|-2  nm“| 


Untrimmed  Pole  Geometry 


FIG.  1.  Pole  geometries  simulationed. 
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Untrimmed 


FIG.  4.  Integrated  noise  proportional  to  1  -m2. 


FIG.  2.  Area  integrated  PES  for  various  poletip  geometries. 


to  the  equivalent  magnetic  charge  density,  pm,  associated  the 
written  magnetization  patterns. 

In  the  case  of  a  servo  demodulation  scheme  using  area 
integration  of  the  servo  burst,  the  signal  from  the  MR  head  is 
proportional  to  the  integral  of  the  magnitude  of  pm  from  the 
beginning  of  the  servo  field  to  the  end.  In  this  simulation  the 
integral  is  over  one  dibit.  The  PES  signal  read  from  the  dibit, 
i.e.,  the  readback  signal  versus  position  across  the  track, 
would  then  be  the  correlation  of  down-the-track  integral  of 
|pm|  and  the  3D  MR  head  sensitivity  function.  To  avoid  the 
complication  of  the  spatial  variation  of  the  MR  sensitivity 
functions,  a  simple  rectangular  response  function  is  assumed, 
the  width  being  0.75  of  the  2  jam  trailing  write  pole  width. 
This  approach  is  appropriate  for  a  DSMR  or  spinvalve  head 
and  can  be  applied,  with  modifications,  to  a  SAL  MR  head.6 
The  ideal  case  would  yield  a  PES  that  is  the  correlation  of 
two  rectangular  functions,  one  equal  to  the  pole  width  for  the 
write  and  the  other  to  the  MR  width  for  the  read.  In  this 
analysis,  any  deviation  from  this  ideal  straight  line  response 
would  be  considered  PES  gain  nonlinearity  as  shown  in 
Fig.  2. 


Dibit  Written  with  Untrimmed  Pole  Geometry 


Distance  Across  Track  (pm) 

Dibits  Written  with  Shared  Pole  Geometry 


2.0  1.5  l.o  0.5  0.0 

Distance  Across  Track  (pm) 

Dibit  Written  with  Trimmed  Pole  Geometry 

2.5  1 


Z0  1.5  1.0  0.5  0.0 

Distance  Across  Track  (pm) 


FIG.  3.  Peak  detected  PES  for  various  poletip  geometries. 


FIG.  5.  Resulting  pm  for  various  poletip  geometries. 
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In  the  case  of  a  servo  demodulation  scheme  which  uses 
peak-to-peak  output,  the  down-the-track  peak-to-peak  value 
of  pm  for  the  dibit  is  used.  The  PES  is  computed  as  in  the 
previous  case,  and  the  results  are  shown  in  Fig.  3.  Deviation 
from  the  ideal  appears  as  nonlinear  gain  variations  to  the 
servo  system. 

In  addition  to  PES  nonlinearity,  PES  noise  must  be  con¬ 
sidered.  The  fluctuation  of  the  magnetization  at  the  track 
edge  contributes  to  the  noise  on  PES.  The  total  PES  noise 
must  be  included  in  the  off-track  error  budget.  To  determine 
this,  the  normalized  noise  function,  noise(*, y, z)~  1  —  m2, 
where  m  =  M(x,y,z)/MSSLt ,  is  computed.  Finally,  noise 
(x,y,z)  is  integrated  down  the  track  to  yield  the  total  noise 
across-the-track  corresponding  to  the  written  transitions  as 
shown  in  Fig.  4. 

III.  RESULTS  AND  DISCUSSION 

The  head  fields  differ  mainly  in  the  spatial  distribution  of 
the  edge  fields  due  to  the  pole  geometry  differences,  the  gap 
length  and  head/medium  separation  being  held  constant.  The 
difference  in  the  edge  fields  can  most  easily  be  seen  in  Hz , 
the  across-the-track  component.  For  the  trimmed  pole  con¬ 
figuration,  the  peak  in  the  Hz  component  occurs  at  the  same 
distance  from  the  track  edge  for  the  leading  as  for  the  trailing 
pole.  For  the  shared  pole  case,  there  is  only  a  Hz  component 
for  the  trailing  pole  at  the  same  distance  from  the  track  edge 
as  for  the  trimmed  pole  case.  The  untrimmed  pole  case,  how¬ 
ever,  has  a  much  wider  distribution  in  Hz ,  the  peak  in  Hz  for 
the  leading  pole  being  offset  from  the  trailing  pole  by  the 
geometric  difference  in  the  leading  to  trailing  pole  widths. 

In  Fig.  5,  the  spatial  distributions  of  pm  corresponding  to 
the  written  magnetization  patterns  for  each  geometry  are 
shown.  The  variation  in  writing  beyond  the  edge  of  the  dibit 
and  the  charge  along  the  edge  of  the  dibit  are  visible  in  the 
contour  plots.  The  slow  decay  to  the  side  of  the  track  and  the 


spike  at  the  track  edge  visible  in  the  untrimmed  case  would 
contribute  significant  nonlinearity  in  the  servo  gain  as  the 
head  is  moved  onto  the  track  using  the  area  integrate  servo 
detection  scheme.  For  example,  the  change  in  the  output  per 
unit  track  width  would  increase  sharply  when  the  edge  of  the 
read  head  is  in  the  neighborhood  of  1.9  pm  in  Fig.  2,  i.e., 
high  gain.  However,  as  the  head  is  moved  further  onto  the 
track,  to  1.0  pm,  the  increase  in  output  per  unit  track  width  is 
much  less.  For  the  area  integrate  scheme,  the  trimmed  pole 
geometry  is  best.  In  the  case  of  peak-to-peak  detection,  note 
that  the  track  edge  charge  does  not  contribute,  but  the  slow 
decay  to  the  side  is  still  present.  The  nonlinearity  would  only 
occur  when  the  read  head  is  almost  completely  off  the  servo 
field,  so  the  relative  impact  to  the  system  design  would  be  a 
narrower  range  for  the  servo. 

IV.  CONCLUSIONS 

Leading  pole  geometry  has  an  important  effect  on  side 
writing.  High  track  density  MR  designs  must  take  this  into 
account.  Trimmed  poles  are  best  at  reducing  side  writing  and 
peak-to-peak  servo  demodulation  is  more  immune  to  side¬ 
writing.  Partially  trimmed  poles  for  MR  heads  need  to  be 
evaluated.  It  is  sufficient  to  consider  the  macromagnetics  of 
the  recording  system  to  see  this. 
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Autotuning  of  a  servowriter  head  positioning  system  with  minimum 
positioning  error 
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This  paper  proposes  a  servopositioning  system  of  a  servowriter  with  autotuning  capability.  The 
position  feedback  is  obtained  through  an  interferometry-based  laser  positioning  system.  The 
retroreflector  is  mounted  directly  on  the  disk  drive  arm  for  hard  coupling.  The  dynamics  of  the 
actuator  are  now  included  in  the  servopositioning  loop.  Since  drive  dynamics  vary  from  drive  to 
drive,  a  fixed  controller  may  not  provide  optimal  settling  performance  for  a  series  of  drives.  In  the 
proposed  control  method,  the  actuator  dynamics  are  identified  by  injecting  a  pseudorandom  binary 
sequence  into  a  coarsely  tuned  feedback  servoloop.  The  resulting  frequency  domain  identification 
results  are  used  to  fine  tune  the  compensator  to  enable  faster  settling  and  better  following.  Using  this 
information  in  the  servodesign,  settling  times  of  9  ms  and  a  following  accuracy  of  1  /An.  seem 
achievable  using  existing  hardware.  ©  1996  American  Institute  of  Physics. 
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The  primary  concern  in  designing  a  servowriter  is  head 
positioning  accuracy.  In  the  hard  disk  drive  industry  at 
present,  the  physical  head  position  accuracy  required  when 
servo  writing  is  typically  1%  of  the  track  pitch.  With  a  track 
density  of  10  000  TPI,  the  position  accuracy  requirement  in 
servowriting  is  translated  to  less  than  1  ^cin. 

With  such  stringent  position  accuracy  requirements  in 
servowriting,  a  precision  position  sensing  scheme  is 
imperative.1-6  Laser-interferometry-based  position  measure¬ 
ment  is  the  most  widely  used  technique  today.  In  this  tech¬ 
nique,  a  glass  prism  called  a  retroreflector  is  attached  to  a 
moving  part  of  the  actuator  system.  Depending  on  how  the 
retroreflector  is  attached  there  are  two  head  positioning  tech¬ 
niques  that  have  been  successfully  used:  (1)  servowriting  us¬ 
ing  the  heads  of  the  head  disk  assembly  (HD A)  pushed  by  an 
external  stage,  and  (2)  servowriting  using  the  HDA’s  own 
heads  with  a  retroreflector  attached  to  the  actuator.1 

The  main  disadvantage  of  the  first  method  is  that  the 
dynamic  effects  of  having  the  actuator  driven  by  the  push  pin 
are  not  compensated  for  by  the  servoloop. 

In  the  second  method,  the  highest  confidence  in  head 
positioning  results.1  The  position  of  the  arm  is  now  inside  the 
servoloop.  With  future  hard  disk  drive’s  track  density  climb¬ 
ing  to  above  10  000  TPI,  actuator  dynamics  and  thermal  de¬ 
formation  of  the  actuator  structure  can  no  longer  be  ignored 
in  servopositioning,  therefore  this  method  seems  to  have  a 
better  chance  of  survival  in  the  long  term. 

However,  as  a  result  of  including  the  drive  dynamics  in 
the  servoloop  in  the  second  method,  a  controller  that  is  tuned 
for  one  drive  may  not  achieve  the  same  performance  for 
another  drive.  One  parameter  which  primarily  affects  the 
closed-loop  system  performance  is  the  acceleration  constant 
of  the  Amplifier/VCM  Actuator  Structure  (A AS).  From  the 
control  system  point  of  view,  the  change  in  A  AS  is  equiva¬ 
lent  to  the  change  in  the  dc  gain  of  the  plant,  which  has  the 
effect  of  moving  the  position  of  the  closed-loop  dominant 
poles.2 

In  this  paper,  the  effects  of  variations  in  the  AAS  of 
individual  drive  on  track  to  track  seek  is  investigated.  In 


order  to  achieve  fast  settling  and  accurate  following,  it  is 
desirable  to  autotune  the  servoloop  on  a  drive  by  drive  basis 
so  that  the  closed-loop  dominant  pole  locations  are  main¬ 
tained  at  the  specified  position  in  the  z  plane.  This  is  the 
motivation  of  the  research  performed  in  this  paper.  The  test 
stand  for  the  proposed  servopositioning  control  system  is 
illustrated  in  Fig.  1.  The  system  consists  of  a  laser  position 
measurement  system,  a  VCM  current  driver,  a  spindle  motor 
speed  controller,  a  3.5  in.  disk-drive  assembly,  and  an  IBM- 
compatible  PC. 

The  block  diagram  of  the  servoloop  with  the  rigid  body 
plant  model  of  the  VCM  actuator  is  given  in  Fig.  2.8  The 
specifications  of  interest  are  settling  time  and  overshoot  in 
time  responses.  As  servowriters  mainly  operate  on  one-half 
or  one-quarter  track  seek  mode,  the  filter  F(z )  in  the  block 
diagram  is  a  discrete  time  linear  HR  filter  which  can  facilitate 
the  required  closed-loop  operation.  The  digital-to-analog- 
converter  DAC  gain  and  the  laser  position  transducer  gain  Kt 
are  specified  by  the  laser  measurement  electronics.  The  am¬ 
plifier  gain  Ka  is  selected  by  the  transconductance  of  the 
voice  coil  motor  driver.  The  rigid  body  model  of  the  VCM 
actuator/retroreflector  structure  is  a  double  integrator  with  an 
acceleration  constant  Km  .  The  last  block  Kd  is  determined  by 
the  relative  position  of  the  retroreflector  on  the  actuator. 

The  AAS  of  the  system  in  Fig.  2  can  be  defined  as  a 
series  gains  of  Ka ,  Km ,  and  Kd .  It  is  equivalent  to  the  dc 
gain  of  the  rigid  body  model  of  the  amplifier/VCM  actuator 
structure.  It  is  seen  that  AAS  changes  with  the  moment  of 
inertia  to  the  pivot  of  the  actuator/retroreflector  structure,  as 
well  as  with  the  force  constant  of  the  VCM.  Because  these 
parameters  vary  from  drive  to  drive,  the  optimal  controller 
may  not  be  obtained  without  prior  knowledge  of  the  AAS  of 
the  particular  drive.  Therefore,  system  identification  is  intro¬ 
duced  to  provide  information  on  fine  tuning  of  the  controller. 

The  target  of  the  system  identification  is  the  VCM 
actuator/retroreflector  structure  of  the  new  drive  being  ser- 
vowritten.  From  the  system  identification,  the  AAS  of  the 
drive  can  be  reliably  obtained.  Pseudorandom  binary  se¬ 
quences  (PRBS)  detection  have  long  been  used  in  system 
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FIG.  1.  Head-disk  assembly  with  laser  positioning  system. 


FIG.  2.  System  block  diagram  of  servowriter  positioning  system. 


identification  problems  in  place  of  white  noise.4  PRBS  sig¬ 
nals  are  simple  to  generate  in  the  present  hardware/software 
platform.  This  method  is  an  effective  alternative  to  swept- 
sine  identification  which  is  normally  used  for  such  applica¬ 
tions. 

The  identification  is  done  under  closed  loop.  The  test 
signal  is  injected  after  the  filter  output;  see  Fig.  2.  The  cor¬ 
responding  controller  output  and  actuator  position  are  cap¬ 
tured  and  used  as  the  input-output  pair  for  system  identifi¬ 
cation.  The  frequency  response  of  the  plant  transfer  function 
is  then  calculated  by  comparing  the  spectrum  of  the  input- 
output  data.  The  reader  is  referred  to  Ref.  4  for  details  of  this 
method.  Once  the  plant  transfer  function  frequency  response 
is  available,  both  the  rigid  body  and  flexible  body  model  of 
the  plant  can  be  estimated.  This  is  illustrated  bellow. 

Let  {o>,  ,G(j<*>i)}  be  the  experimental  frequency  re¬ 
sponse  data  of  the  plant.  We  would  like  to  fit  the  experimen¬ 
tal  data  with  a  polynomial  rational  transfer  function  P(s), 

(i) 

where  and  a0i...,an  are  real  coefficients,  m  and  n 

are  the  estimated  order  of  the  numerator  and  denominator, 
respectively.  We  wish  to  find  the  above-mentioned  param¬ 
eters  m,n,bi,...ibm  and  a0,...,an  so  that  for  each  particular 
frequency  cu, 

U<o)n+ 

~G(jo))  for  all  co=(oi.  (2) 

However,  Eq.  (2)  is  the  ideal  case  which  is  either  un¬ 
achievable  or  too  costly  to  achieve  with  the  computing  re¬ 
source  given.  A  practical  solution  can  be  to  select  the  coef¬ 
ficients  of  Eq.  (1)  such  that  the  tolerance  for  Eq.  (2)  to  hold 
is  in  some  way  minimized. 

Rewrite  Eq.  (2)  as 


2  biijo))" 


i= 0 


•?(•?)  =  2  bis” 


i= 0 


?"+2 


m  n 

2  bi(ja>)m~i-G(jto)'2i  ai(j(o)n~,  =  (joj)nG(jM).  (3) 

i  = 0  i=l 

The  identification  task  now  becomes  minimizing 


{m  n 

2  bi{j(o)m~i-G(jo>)'2i  aiO'w)"-' 

i  =  0  i  =  l 

—  (y a))nG(jo))  for  all  01  =  0;, .  (4) 

Selecting  the  rms  norm  the  above  equation  transforms  into  a 
standard  least-square  minimization  problem.5 

In  the  proposed  system,  a  fourth-order  model  in  the  form 
below  is  used  to  represent  the  system  identified, 

4  tb',+!S-.  (5) 

s  s  +  axs  +  a0 

The  above  model  can  be  considered  as  a  double  integrator 
model  plus  one  high  frequency  resonance  mode.  The  AAS  of 
the  nominal  plant  is  therefore  equivalent  to  k  in  Eq.  (5). 

In  the  s  plane,  the  model  shown  in  Eq.  (5)  has  two  poles 
at  the  origin  and  two  zero-pole  pairs  near  the  imaginary  axis. 
The  controller  design  is  then  to  select  the  proper  controller 
zero/pole  locations  as  well  as  the  appropriate  gain  to  obtain 
desired  closed-loop  performances.  This  is  illustrated  in  Sec. 
Ill  B. 

With  the  nominal  model  of  the  plant,  a  linear  second- 
order  HR  filter  is  designed  in  time  using  MATLAB.2,3  The 
controller  is  a  combination  of  a  PI  and  a  lead  compensator. 
The  transfer  function  of  the  filter  is 


C{s)  _  s  +  z\  S  +  Z2 
E(s)  ^  s  s+p  1’ 


(6) 


where  the  zeros  z  1  and  Z2>  and  pole  px  are  so  selected  that 
the  root  locus  of  the  control  system  has  the  desired  shape. 
The  gain  K  in  Eq.  (6)  is  chosen  so  that  the  dominant  closed- 
loop  poles  are  placed  at  the  desired  position  on  the  root  lo¬ 
cus. 

The  ideal  closed-loop  dominant  poles  are  the  key  factors 
in  determining  the  system  time  responses.  At  the  preliminary 
stage  of  design,  the  controller  chooses  its  controller  gain  ac¬ 
cording  to  the  AAS  of  the  nominal  plant  model.  For  a  drive 
with  an  AAS  different  from  the  nominal  value,  such  selected 
controller  gain  will  not  give  the  same  time  response  as  de¬ 
sired.  However,  with  the  identified  AAS  of  each  drive  from 
Sec.  Ill  A,  the  controller  gain  can  be  adjusted  so  that  the 
dominant  poles  of  the  closed-loop  system  with  the  new  drive 
are  the  same  as  that  with  the  nominal  one. 

The  discrete  time  HR  filter  in  Fig.  2  can  be  derived  from 
the  continuous  time  controller  model  demonstrated  below. 
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Assuming  a  sampling  interval  of  T,  the  backward  rectangular 
rule  is  used  to  discretize  the  model  by  substituting 

s  =  (l-z~l)IT.  (7) 

As  a  result,  the  HR  filter  equation  of  the  digital  controller  is 
obtained  as8 

C(z)  =  + 

E(z)  1  +KylZ-1  +  Ky2z-2  '  U 

where 

^0=^(1  +  rzi)(i+rz2)/(i+7jp1), 

Kxl  =  -K(2  +  TZl  +  Tz2)/(l  +  TPl), 

Kx2=K/(l  +  TPl),  (9) 

Kyl  =  -2-TPl, 

Ky2=l//(l  +  TPl). 

Before  servowriting  a  new  drive,  a  maximal  length  PRBS 
signal  of  1023  time  points  is  first  applied  to  the  servoloop. 
Figure  3  shows  the  frequency  responses  of  both  the  identified 
plant  and  the  estimated  rigid  body  model.  The  dashed  line  is 
the  estimated  value  of  the  rigid  body  model,  while  the  solid 
line  represents  the  experimental  values.  Due  to  system  non- 
linearities  such  as  the  significant  effect  of  pivot  friction  in 
disk  drives  of  3.5  in.  and  below,  the  low  frequency  responses 
(below  100  Hz)  deviate  significantly  from  the  rigid  body 
model  of  the  plant.  The  rigid  body  model  of  the  plant 
matches  the  experimental  data  only  in  the  midfrequency 
range. 

With  the  identified  system  model,  the  AAS  of  the  new 
plant  is  compared  with  that  of  the  nominal  value  used  in  the 
preliminary  design  stage.  The  controller  gain  and  reference 
input  are  then  adjusted  accordingly  to  give  the  desired  per¬ 
formance  of  the  closed-loop  system. 

Figure  4  shows  a  100  /zin.  move  of  the  closed-loop  sys¬ 
tem  with  1%  error  tolerance  lines.  A  profiled  reference  input 


FIG.  4.  A  100  /Ain.  move  of  the  servosystem. 


is  used  instead  of  a  step  input  in  order  to  suppress  the  exci¬ 
tation  of  the  high  frequency  components  of  the  system. 
Equal  acceleration  commands  in  opposite  directions  are  ap¬ 
plied  in  the  two  halves  of  the  reference  input.  The  amplitude 
of  the  acceleration  is  adjusted  proportionally  to  the  AAS  of 
the  plant. 

The  same  control  is  applied  to  three  drive  sets  of  differ¬ 
ent  AAS  gains.  The  dashed  line  shows  the  case  where  the 
previous  controller  gain  is  large.  An  undesirable  larger  over¬ 
shoot  is  observed.  The  dot-dashed  line  shows  the  case  where 
the  previous  controller  gain  is  small.  The  system  seems  over¬ 
damped  and  an  improvement  in  settling  time  is  expected. 
The  solid  line  gives  a  time  response  of  the  tuned  system. 
Compared  with  the  two  cases  before  controller  tuning,  the 
tuned  system  has  the  fast  settling  time  while  the  overshoot  is 
sufficiently  suppressed. 

Note  that  although  other  system  dynamics  like  resonance 
mode  and  low  frequency  nonlinearity  are  available  from  the 
system  identification,  only  the  gain  is  used  in  tuning  the  con¬ 
troller.  The  first  resonance  mode  identified,  however,  aids 
mainly  in  the  preliminary  design  stages  in  selecting  the  con¬ 
troller.  Future  development  on  direct  on-line  tuning  of  a 
higher  order  system  model  can  be  achieved  without  modifi¬ 
cations  of  the  system  identification  scheme. 
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Magnetically  induced  super-resolution  performance  for  a  center  aperture  detection  scheme  in  a 
double  layered  magneto-optical  storage  is  discussed.  In  order  to  make  a  readout  layer  thinner  for 
better  media  lifetime,  the  effect  of  Ta  and  Pt  additive  elements  in  a  readout  layer  GdFeCo  on 
recording  performance  is  systematically  studied.  Ta  is  found  to  be  most  effective  in  making  it 
possible  to  reduce  the  readout  layer  thickness  for  an  acceptable  recording  performance.  For  the  mark 
length  of  0.5  ptm,  the  thickness  can  be  reduced  to  60  nm  with  Ta  (1.9  at.  %)  from  80  nm  without  Ta 
for  carrier-to-noise  ratio  (CNR)^42  dB.  ©  1996  American  Institute  of  Physics. 
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INTRODUCTION 

Magnetically  induced  super-resolution  (MSR),  through 
which  marks  smaller  than  a  diffraction  limited  size  can  be 
read,  is  one  of  the  schemes  for  future  high-density  magneto¬ 
optical  recording.1  There  are  several  proposals  for  MSR.  One 
of  them  is  a  so-called  “center  aperture  detection  scheme 
(CAD),”  which  consists  of  an  exchange  coupled  double 
layer.  A  readout  layer  has  the  magnetic  anisotropy  which 
changes  from  in-plane  to  perpendicular  at  higher 
temperatures.2  Inside  a  heated  laser  beam  spot  of  reading,  the 
magnetization  direction  tends  to  be  along  the  film  normal 
because  the  perpendicular  magnetic  anisotropy  becomes  pre¬ 
dominant,  whereas  outside  the  spot  the  magnetization  is  in¬ 
plane.  Therefore,  only  the  perpendicular  component  of  the 
magnetization  in  the  locally  heated  center  region  can  be  de¬ 
tected  as  signal. 

Previous  work3  on  the  relation  between  magnetic  prop¬ 
erties  and  readout  characteristics  of  MSR  with  a  GdFeCo 
readout  layer  showed  that  the  readout  layer  thickness  larger 
than  80  nm  was  necessary  for  CNR  higher  than  35  dB  at  0.4 
/zm  mark  length.  Thicker  magnetic  layer  requires  higher 
writing  power  due  to  larger  heat  capacity.  Therefore,  the 
writing  power  must  be  lowered  for  practical  applications  in 
order  to  avoid  the  degradation  of  a  media  lifetime.  One  way 
to  overcome  this  drawback  is  to  make  a  readout  layer  thick¬ 
ness  smaller.  (However,  it  should  not  be  too  thin,  since  one 
should  avoid  the  readout  signal  from  the  magnetization  of  a 
recording  layer.)  Through  the  exchange  coupling,  the  direc¬ 
tion  of  the  magnetization  near  the  interface  between  the  re¬ 
cording  and  readout  layers  is  not  completely  in-plane,  but 
has  a  component  along  the  film  normal.  It  gradually  changes 
in  going  from  the  interface  through  the  readout  layer  thick¬ 


ness  direction.  Because  of  this  gradual  change,  the  thickness 
of  more  than  at  least  80  nm  was  found  to  be  necessary  to 
keep  the  polar  Kerr  rotation  of  GdFeCo  at  room  temperature 
small  enough  so  that  little  signal  can  be  detected.  It  is  be¬ 
lieved  that  a  steep  change  of  the  direction  in  the  readout 
layer  is  essential  for  high  performance  MSR. 

The  present  study  discusses  the  effect  of  additives  in  a 
readout  layer  on  performance  so  that  one  can  decrease  a 
readout  layer  thickness. 


EXPERIMENT 

Thin  films  of  SiN(80  nm)/GdFeCoM(d)/TbFeCo(50 
nm)/SiN(30  nm)/Al(20  nm)  (M=Ta,  Pt)  were  sputter  depos¬ 
ited  on  polycarbonate  (PC)  substrates  with  a  track  pitch  of 
1.6  fim.  GdFeCoM  layers  were  deposited  by  co-sputtering  of 
Gd  and  FeCo  targets.  Chips  of  additive,  M,  were  placed  on  a 
Gd  target.  The  deposition  rate  was  0.2  nm/s  and  the  Ar  pres¬ 
sure  was  0.7  Pa.  SiN  films  were  deposited  by  reactive  sputter 
deposition  of  Si  in  (Ar+N2)  gases,  where  the  total  gas  pres¬ 
sure  was  kept  0.76  Pa.  The  compositions  of  GdFeCoM  were 
(a)  (Gd94Ta6)32(Fe6oCo40)68 ,  (b)  (Gd88Ta12)31(Fe60Co4())69,  (c) 
(Gd94Pt6)32(Fe60Co40)68 ,  and  their  Curie  temperatures,  Tc, 
were  about  370,  350,  and  380  °C  for  (a),  (b),  and  (c),  respec¬ 
tively.  The  composition  of  recording  layer  was  fixed  for  the 
above  samples,  which  was  Tb19(Fe87Co13)81  with  Tc  of 
270  °C.  A  sample  with  nondoped  Gd27(Fe50Co50)73  readout 
layer  was  also  prepared  as  reference. 

Writing  and  reading  performances  were  examined  using 
an  optical  tester  with  \=780  nm,  NA=0.55,  and  linear  ve¬ 
locity  7.5  m/s. 
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FIG.  1.  Writing  power  dependence  of  (a)  CNR  and  (b)  C  and  N  levels  for 
mark  length  of  0.76  /tm  at  7.5  m/s. 


RESULTS  AND  DISCUSSION 

Figure  1(a)  shows  the  writing  power  dependence  of 
CNR,  where  the  mark  length  is  0.76  /mi,  the  readout  power 
is  2.5  mW,  and  the  writing  magnetic  field  is  500  Oe.  Figure 
1(b)  is  the  carrier  and  noise  levels  as  a  function  of  the  writing 
power.  The  samples  with  a  60-nm-thick  readout  layer  show 
nearly  the  same  CNR  in  a  range  from  7.5  to  9  mW  as  that 
with  a  80-nm-thick  nondoped  one.  A  slight  difference  be¬ 
tween  the  nondoped  and  doped  samples  in  a  low  writing 
power  region  is  believed  to  be  due  to  a  difference  in  thermal 
capacity  through  the  thickness  difference.  The  writing  pow¬ 
ers  corresponding  to  minima  of  a  second  harmonic  amplitude 
of  carrier  for  the  doped  samples  were  lower  than  that  for 
nondoped  one  by  about  1  mW.  [The  actual  powers  were  9.7, 
8.7,  8.5,  and  8.6  mW  for  nondoped  of  d— 80  nm,  (a)  of 
<7=60  nm,  (b)  of  <7=60  nm,  and  (c)  of  <7=60  nm,  respec¬ 
tively.]  A  slight  difference  of  CNR  between  Ta  and  Pt  in  a 
low  power  region  is  due  to  a  lager  noise  of  the  Pt  additive 
one,  as  shown  in  Fig.  1(b). 

Figure  2(a)  shows  the  writing  field  dependence  of  CNR, 
where  the  mark  length  is  0.76  (x m  and  readout  power  is  2.5 
mW.  Figure  2(b)  is  the  result  of  carrier  and  noise.  When  the 
thickness  of  the  readout  layer  decreases,  and  when  the  Curie 
temperature  of  the  readout  layer  also  decreases  with  the  ad¬ 
ditives,  the  writing  process  becomes  less  influenced  by  the 
magnetization  of  the  readout  layer.  Therefore,  the  field  de¬ 
pendence  is  improved,  as  given  in  Fig.  2(a).  The  saturation 
writing  field  for  the  doped  samples  is  smaller  than  that  of 
nondoped  one.  The  effect  of  the  additive  is  more  clearly  seen 
in  Fig.  2(b),  where  the  peaks  of  the  noise  level  for  the  doped 
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FIG.  2.  Writing  field  dependence  of  (a)  CNR  and  (b)  C  and  N  levels  for 
mark  length  of  0.76  /tm  at  7.5  m/s. 

samples  are  smaller  by  100  Oe  than  that  of  the  nondoped 
one. 

Figures  3(a)  and  3(b)  show  the  readout  power  depen¬ 
dences  of  CNR  and  carrier  and  noise,  respectively  for  0.5 
fjm  marks.  The  sample  with  a  Ta-doped  60-nm-thick  readout 
layer  (a)  exhibits  nearly  the  same  CNR  as  that  for  nondoped 
one  with  a  80-nm-thick  readout  layer  in  a  range  from  2  to  4 


FIG.  3.  Readout  power  dependence  of  (a)  CNR  and  (b)  C  and  N  levels  for 
mark  length  of  0.5  /im  at  7.5  m/s.  Excess  Ta  means  Ta/GdTa=0.12. 
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mW  of  the  readout  power.  The  readout  power  margin 
(CNR>40  dB)  for  the  Ta  doped  sample  is  about  2  mW, 
which  is  quite  reasonable  for  practical  use.  The  CNR  of  the 
Pt  doped  sample  (c)  is  less  by  a  few  dB  than  those  with  and 
without  Ta.  An  excess  amount  of  Ta  doping  to  the  readout 
layer  (b)  reduces  CNR  as  shown  in  Fig.  3(a).  The  Ta  doped 
samples  show  lower  noise  level  than  other  samples,  as 
shown  in  Fig.  3(b). 

The  present  result  indicates  that  there  might  be  a  further 
possibility  for  reducing  a  readout  layer  thickness.  In  order  to 
examine  how  thin  the  thickness  can  be  made  for  acceptable 
performance,  another  experiment  was  performed.  A  sample 
with  a  40-nm-thick  readout  layer  (Ta/GdTa=0.06)  was 
tested.  Although  the  writing  power  sensitivity  was  improved 
by  1  mW  under  the  same  condition  as  indicated  in  Fig.  1,  the 
CNR  value  was  37  dB  for  0.5  /zm  marks.  Thus,  this  result 
implies  that  there  is  a  limit  for  reducing  a  readout  layer 
thickness,  which  is  around  50  nm  for  the  composition  of 
Ta/GdTa=0.06. 

As  to  the  effect  of  the  exchange  constant,  A,  and  the 
perpendicular  magnetic  anisotropy,  Ku,  on  the  reduction  of  a 
readout  layer,  it  is  conjectured  that  a  smaller  A  and  Ku  are 
favorable,  since  a  sharper  transition  of  the  magnetization  di¬ 
rection  near  the  interface  of  the  two  layers  takes  place  for 
smaller  A  and  Ku.4  The  present  result  is  consistent  with  this 
argument,  where  the  sample  with  Ta  has  smaller  A  and  Ku 
than  those  for  nondoped  one.  A  preliminary  calculation  was 
made  to  examine  the  effect  of  A  and  Ku  on  the  spin  distri¬ 
bution  for  two  cases: 


(i)  reduction  of  A  by  1/2,  and 

(ii)  reduction  of  Ku  by  MO5  ergs/cm3. 

For  both  the  cases  the  spin  distribution  was  found  to  become 
equally  sharper.  It  is  not  clear,  however,  at  this  moment  what 
are  the  optimum  values  of  A  and  Ku  for  best  CNR  perfor¬ 
mance  at  small  mark  size.  The  change  of  Ku  with  tempera¬ 
ture  is  also  strongly  related  to  MSR  performance.  A  detail 
study  on  the  effect  of  A  and  Ku  relating  to  MSR  perfor¬ 
mance  is  in  progress. 


CONCLUSION 

The  present  study  has  demonstrated  that  the  readout 
layer  can  be  made  as  thin  as  60  nm  for  acceptable  perfor¬ 
mance  with  adding  Ta.  It  is  found  that  the  writing  power  can 
also  be  made  lower  by  1  mW  as  compared  to  the  case  for  the 
nondoped  sample.  Improvement  of  the  writing  field  depen¬ 
dence  of  CNR  was  demonstrated,  which  results  from  a  lower 
Curie  temperature  of  the  Ta-doped  readout  layer. 
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Exchange  coupling  in  rare-earth/transition-metal  multilayers 
for  magnetic  super-resolution 

A.  M.  Ayres 

Department  of  Materials  Science  and  Engineering,  Stanford  University,  Stanford,  California  94305-2205 

E.  E.  Marinero 
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We  study  exchange  coupling  in  rare-earth/transition-metal  multilayers  in  which  one  layer  has 
perpendicular  magnetization  and  a  second  layer  has  in-plane  magnetization  at  room  temperature. 
The  exchange  coupling  between  these  layers  is  mediated  by  a  thinner  intermediate  layer,  and  we 
investigate  the  dependence  of  the  exchange  on  the  magnetic  properties  of  this  intermediate  layer 
from  room  temperature  through  the  compensation  and  Curie  temperatures  of  the  layers.  The 
structures  of  interest  consist  of  a  400  A  TbFeCo  layer  with  perpendicular  magnetization,  a  400  A 
GdFeCo  layer  with  in-plane  magnetization,  and  a  GdFe  intermediate  layer  of  variable  composition 
and  thickness.  The  results  indicate  that  the  structures  are  well-described  by  either  a  two-layer  or  a 
three-layer  coherent  rotation  model  (depending  on  intermediate-layer  thickness)  and  that  the 
influence  of  the  intermediate  layer  is  a  function  of  its  anisotropy  energy,  its  thickness,  and  the 
identity  of  its  dominant  atomic  moment.  ©  1996  American  Institute  of  Physics. 
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INTRODUCTION 

Ferrimagnetic  amorphous  alloys  of  the  rare-earth  and 
transition-metal  groups  are  the  media  of  choice  in  today’s 
magneto-optical  storage  technology.  Sequential  layering  of 
such  alloys  permits  additional  control  of  their  magnetic  be¬ 
havior  through  interlayer  exchange  coupling.  As  the  intrinsic 
properties  of  the  constituent  layers  are  strongly  temperature 
dependent,  the  exchange  coupling  exhibits  unique  dynamic 
effects  when  such  structures  are  rapidly  heated  and  cooled. 

An  elegant  example  of  such  effects  has  been  demonstrated  in 
recent  years  through  the  concept  of  magnetic  super¬ 
resolution  (MSR).1-5 

In  one  MSR  scheme,  Murakami  et  al.4  used  two  layers, 
one  (the  storage  layer,  SL)  having  perpendicular  magnetiza¬ 
tion  and  the  other  (the  readout  layer,  RL)  having  in-plane 
magnetization  at  room  temperature.  The  temperature  re¬ 
sponse  of  this  system  depends  strongly  on  the  exchange  in¬ 
teractions  between  the  RL  and  the  SL.  Recent  results  by 
Nishimura  et  al5  suggest  that  better  control  of  the  exchange 
process  can  be  achieved  by  using  an  intermediate  layer  (IL). 

This  motivated  us  to  understand  the  exchange  interactions 
between  the  RL  and  SL  as  a  function  of  the  composition  and 
thickness  of  the  IL. 

EXPERIMENTAL  TECHNIQUES 

RE-TM  alloys  are  sputtered  onto  glass  substrates  in  a 
system  equipped  with  six  magnetron  sources  and  a  rotating 
sample  turntable.  The  system’s  base  pressure  is  around 
6X10-8  Torr  and  films  are  grown  in  a  3  mT  argon  atmo¬ 
sphere.  Deposition  takes  place  at  the  chamber’s  ambient  tem¬ 
perature  (estimated  to  be  70-80  °C)  with  no  bias  voltage 
applied  to  the  substrates.  SiN  underlayers  and  overcoats  are 
grown  during  the  same  pumpdown  by  reactive  sputtering. 

Magneto-optical  Kern  effect  (MOKE)  measurements  are 
conducted  in  a  20  kG  electromagnet  equipped  with  a  heating 
stage  and  a  MOKE  setup  consisting  of  a  He-Ne  laser  and  a 
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Wollaston  prism/differential  detector  combination.  Measure¬ 
ments  are  conducted  from  both  sides  of  the  trilayer  samples 
to  obtain  hysteresis  loops  for  both  RL  (glass  interface)  and 
SL  (air  interface)  at  the  same  temperature.  A  combined 
vibrating-sample  magnetometer/torque  system  is  employed 
to  measure  saturation  magnetizations  in  the  films  as  a  func¬ 
tion  of  temperature. 

RESULTS  AND  DISCUSSION 

In  Fig.  1,  representative  MOKE  loops  for  the  RL  in  a 
bilayer  structure  as  well  as  those  of  the  single  RL  and  SL  are 
shown  for  various  sample  temperatures  (expressed  as  a  frac- 


- 1 6  kOe  0  16  kOe 


Exchange-coupled  Single  readout  Single  storage 
readout  layer  layer  layer 


FIG.  1.  Representative  MOKE  loops  vs  temperature  for  experimental  bi¬ 
layer  and  corresponding  RL  and  SL  single  layers. 


0.0  0.2  0.4  0.6  0.8  i.o  piG.  3  Hb  vs  intermediate- layer  thickness.  The  dashed  line  illustrates  the 

T/Tcomp,r  decrease  in  Hb  above  it  is  not  a  fit. 


FIG.  2.  Hb  vs  temperature,  (a)  and  (b)  Experimental,  (c)  Results  from  two- 
layer  (Esho)  model,  (d)  Results  from  the  three-layer  model. 


tion  of  the  RL  compensation  temperature).  The  SL  composi¬ 
tion  [Tb24(Fe70Co30)76]  is  TM-dominated  and  exhibits  room- 
temperature  compensation  and  100%  remanence  hysteresis 
loops  through  its  Curie  temperature  of  about  400  °C.  The  RL 
composition  [Gd31(Fe60Co4o)69]  is  RE-dominated  and  has  in¬ 
plane  magnetization  for  all  temperatures  below  0.8  TITC omp. 
It  has  a  7comp  value  of  about  225  °C  and  a  Curie  temperature 
above  400  °C.  The  exchange  coupling  between  the  two  lay¬ 
ers  manifests  itself  as  a  bias  field  which  displaces  the  hyster¬ 
esis  curve  of  the  RL  from  the  H ,  0  origin.  When  the  field 
sweep  exceeds  the  SL  coercivity,  the  MOKE  signal  from  the 
RL  traces  out  an  inverted  loop  whose  zero  crossings  give  the 
magnitude  of  the  exchange  bias  field  Hb .  Above  Tcomp  the 
films  are  strongly  exchange  coupled  for  all  applied  field  val¬ 
ues. 

The  exchange  bias  represents  the  value  of  the  applied 
field  at  which  the  Zeeman  energy  per  unit  area 
(Ej = Happlied  •  Mjtj  for  each  layer  j)  favoring  rotation  of  net 
moments  in  all  layers  toward  the  applied  field  direction  bal¬ 
ances  the  energy  of  the  interface  domain  wall  that  accommo¬ 
dates  nonparallel  TM  moment  alignment  in  the  various  lay¬ 
ers.  This  domain  wall  is  a  180°  head-on  wall  whose  energy  is 
considered  to  be  equivalent  to  that  of  a  180°  Bloch  wall, 
<rw=4(AJ:eff)1/2,  in  which  A  is  the  exchange  stiffness  con¬ 
stant  and  Keff={Ku-27rM 2)  is  the  effective  uniaxial  anisot¬ 
ropy  energy  of  the  layer  in  which  the  wall  resides.  The  thick¬ 
ness  of  a  Bloch  wall  is  given  by  8=tt{AIK^V2\  for  typical 
values  of  A  and  Kc ff ,  a  lower  bound  for  8  is  about  100  A  for 
our  films. 

This  work  dealt  with  samples  in  which  either  the  com¬ 
position  of  100  A  intermediate  layers  or  the  thickness  of 
Gd30Fe70  intermediate  layers  was  varied.  Plots  of  Hb  versus 
reduced  temperature  for  both  sets  of  samples  [Figs.  2(a)  and 
2(b)]  show  the  increase  in  Hb  with  temperature  observed  in 
Fig.  1.  The  results  of  Figs.  2(a)  and  2(b)  can  be  categorized 
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into  two  classes,  one  in  which  the  IL  thickness  is  comparable 
to  8  and  one  in  which  it  is  larger. 

For  the  case  in  which  the  IL  thickness  is  less  than  about 
100  A,  the  situation  is  equivalent  to  the  bilayer  case  consid¬ 
ered  by  Esho,6  for  which  the  exchange  bias  is  described  by 

Hb—crw/2Mst.  (1) 

Here  aw  is  the  energy  per  unit  area  of  the  domain  wall  be¬ 
tween  the  two  layers  and  Ms  and  t  are  the  saturation  mag¬ 
netization  and  thickness  of  the  layer  which  feels  the  ex¬ 
change  bias  (the  RL).  The  Hb  results  of  Fig.  2(a)  can  be 
understood  by  considering  that  the  domain  wall  is  energeti¬ 
cally  favored  to  lie  in  the  layer  with  the  lowest  value  of 
(AKQff).  IL  compositions  Gd35Fe65  and  Gd30Fe70  both  have 
higher  Ke%  values  than  the  RL,  so  energy  considerations  sug¬ 
gest  that  the  wall  will  tend  to  reside  in  the  RL  for  these 
samples.  Consequently,  aw  is  the  same  in  both  cases,  so  the 
Hb  behavior  is  similar.  The  observed  Hh  data  can  be  fit  using 
a  value  of  aw=0 .1  erg/cm2,  as  shown  in  Fig.  2(c).  Since  the 
Gd25Fe75  IL  is  TM-dominated  we  observe  a  higher  Hb ,  for 
which  experimental  results  are  shown  in  Fig.  2(a)  and  fit  in 
Fig.  2(c)  using  an  effective  value  of  crw=0.4  erg/cm2. 

The  second  category  of  trilayers  includes  those  in  which 
the  IL  thickness  is  larger  than  8.  In  this  case,  the  experimen¬ 
tal  Hb  results  shown  in  Fig.  3,  which  plots  exchange  bias  at 
a  given  temperature  versus  IL  thickness,  are  consistent  with  a 
three-layer  coherent  rotation  model.  In  the  three-layer  model, 
we  express  the  energy  of  the  generic  trilayer  of  Fig.  4(b)  as 
the  sum  of  six  terms  describing  the  Zeeman,  exchange,  an¬ 
isotropy,  and  magnetostatic  energies  of  the  IL  and  the  RL. 
The  full  energy  expression  is 

E  N  9  (o~e\ 

- =  -Ms  rHtr(  1  ~  cos  0r)  +  crw  r  sinz  — - — 

area  ’  \  z  / 

+  Keff ,rtr  sin2  $r— Ms  iHti(  1  —  cos  0t) 

+  <j w  i  sin2 1  yj  +  KeSiti  sin2  0,- ,  (2) 
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FIG.  4.  Geometries  for  (a)  two-layer  and  (b)  three-layer  coherent  rotation 
models. 


where  the  subscripts  i  and  r  indicate  values  for  the  IL  and 
the  RL,  respectively.  The  bias  field  is  found  by  minimizing 
the  energy  with  respect  to  both  angles  0[  and  0r ,  setting  0r 
equal  to  7t/2,  and  eliminating  Gi .  This  yields  an  equation  that 
is  fourth  order  in  Hb .  We  recover  the  prior  solution  for  Hb 
[Eq.  (1)].  as  well  as  a  new  solution  which  allows  for  an 
arbitrary  direction  of  IL  magnetization;  the  exchange  bias  is 
then  described  by 


Hb  = 


2t({M sjCTw  r  Str) 


(3) 


This  equation  has  an  explicit  \!ti  dependence,  but  it  should 
be  noted  that  KeffJ  is  also  a  function  of  tt . 

Figure  2(d)  shows  simulated  data  using  Eq.  (3)  to  find 
Hb  for  triple-layer  films.  The  model  indicates  that  the  tem¬ 
perature  dependence  of  Hb  stems  from  the  individual  tem¬ 
perature  dependencies  of  Ms  i  and  Keffi  of  the  IL;  both  of 
these  vanish  at  the  Curie  temperature,  so  the  model  predicts 
that  Hb  will  go  to  infinity  at  the  IL’s  Tc  (190-205  °C  de¬ 
pending  on  composition).  However,  the  Hb  curve  appears  to 
be  insensitive  to  the  Curie  temperature  of  the  IL.  Magneto¬ 
static  coupling  can  be  ruled  out  because  of  the  different 
dominant  submoments  in  the  SL  and  RL.  Thus  it  is  apparent 
that  coupling  persists  beyond  the  temperature  at  which  the  IL 
is  expected  to  become  paramagnetic,  in  contrast  to  the 
“switching  off”  of  exchange  that  is  proposed  in  Ref.  5. 

The  model  also  predicts  a  monotonic  decrease  in  ex¬ 
change  bias  as  a  function  of  IL  thickness,  while  Fig.  3  indi¬ 
cates  that  the  exchange  bias  increases  in  the  thickness  range 
from  100  to  150  A  before  decreasing  with  further  thickness 
increases.  The  physical  interpretation  is  that  there  is  some 
threshold  thickness  of  the  IL  at  which  it  begins  to  behave  as 
a  coherent  magnetic  layer  bounded  by  two  domain  walls. 
This  critical  thickness  corresponds  to  a  balance  between  the 
energetic  cost  of  building  two  90°  domain  walls  (one  in  the 
high- anisotropy  IL)  and  the  energetic  benefit  of  allowing  the 
IL  to  assume  its  lower-energy  state  of  in-plane  magnetiza¬ 
tion.  This  means  that  the  three-layer  model  is  valid  only 
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FIG.  5.  Comparison  of  temperature  response  of  bilayer  and  trilayer  struc¬ 
tures. 

above  a  certain  threshold  IL  thickness,  so  the  1  ltt  depen¬ 
dence  of  the  exchange  bias  is  observed  only  above  this  thick¬ 
ness. 

Since  the  shifting  of  the  magnetization  curve  of  the  RL 
causes  a  finite  remanence  (related  to  the  magnetization  direc¬ 
tion  of  the  SL)  at  zero  field,  and  since  this  shifting  increases 
with  temperature,  the  films  exhibit  the  temperature- 
dependent  remanent  Kerr  rotation  that  is  necessary  for  MSR. 
As  shown  in  Fig.  5,  the  influence  of  the  IL  is  to  sharpen  the 
temperature  response  of  the  remanent  Kerr  rotation  in  com¬ 
parison  with  that  of  the  two-layer  system. 

CONCLUSION 

We  observe  exchange  coupling  in  RE-TM  bilayers  in 
which  one  layer  has  in-plane  magnetization  and  a  second 
layer  has  perpendicular  magnetization  at  room  temperature, 
and  we  investigate  the  influence  of  an  intermediate  layer  on 
the  strength  of  the  exchange  coupling  between  the  two 
layers. 
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Transition  from  in-plane  to  perpendicular  magnetization  in  MSR 
magneto-optical  disks 
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Transition  from  in-plane  to  perpendicular  magnetization  caused  by  temperature  changes  have  been 
investigated  for  double-layer  (GdFeCo/TbFeCo)  and  triple-layer  (GdFeCo/GdFe/TbFeCo) 
magneto-optical  recording  films.  The  transition  in  the  GdFeCo  layer  occurs  mainly  as  a  result  of 
change  in  the  demagnetizing  energy  of  the  GdFeCo  layer  having  compensation  temperature.  Such 
transition  occurs  more  ^rapidly  in  the  triple-layer  film  than  that  in  the  double-layer  film. 
Micromagnetic  calculation  showed  that  in  the  double-layer  film  the  interface  wall  penetrates  deeply 
into  the  GdFeCo  readout  layer,  while  in  the  triple-layer  film  the  wall  is  almost  completely  confined 
within  the  GdFe  intermediate  layer  having  a  large  Ms  and  a  low  Tc.  The  triple-layer  film  is  found 
to  improve  the  characteristics  of  magnetically  induced  super  resolution  (MSR).  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)  15708-1] 


Magnetically  induced  super  resolution  (MSR)  is  a  prom¬ 
ising  technology  for  achieving  super  high-density  magneto¬ 
optical  recording  media.1  Recently,  a  new  type  of  MSR 
double  layer  film  has  been  proposed.2,3  In  the  film,  the  mag¬ 
netization  orientation  of  the  readout  layer  changes  from  in¬ 
plane  to  perpendicular  with  the  raise  of  the  temperature,  and 
hence  the  marks  in  the  most  heated  area  can  be  detected 
while  the  adjacent  marks  are  masked.  However  in  such 
double-layer  film,  it  is  difficult  to  achieve  sharp  transition 
from  in-plane  to  perpendicular  magnetization,  resulting  in 
insufficient  MSR  characteristics. 

The  present  authors  adopted  a  magnetic  triple-layer  film 
instead  of  the  double-layer  film  and  allowed  a  sharper  tran¬ 
sition  from  in-plane  to  perpendicular  magnetization,  and  then 
succeeded  to  improve  the  MSR  characteristics.4,5 

In  this  paper  we  investigate  the  mechanism  of  the  tran¬ 
sition  from  in-plane  to  perpendicular  magnetization,  and 
clarify  the  effect  of  the  intermediate  layer  on  the  magnetiza¬ 
tion  transition  both  by  micromagnetic  calculation  and  by 
magnetic  and  magneto-optic  measurements. 

Magnetic  layers  were  deposited  by  dc  co-sputtering  from 
elemental  targets  on  glass  or  polycarbonate  substrates.  Gd¬ 
FeCo  (readout)  and  GdFe  (intermediate)  layers  were  rare- 
earth  (RE)  rich  alloys.  TbFeCo  (memory)  layers  were  3 d 
transition  metal  (TM)  rich  alloys. 

Saturation  magnetization  Ms  was  obtained  by  using  a 
vibrating-sample  magnetometer  and  mean-field  theory.  The 
Kerr  rotation  Ok  and  the  anisotropy  field  Hk  were  measured 
from  Kerr  hysteresis  loops,  which  were  measured  from  the 
substrate  (GdFeCo)  side  for  the  wavelength  of  830  nm.  All 
of  the  magnetic  layers  were  sandwiched  between  SiN  layers, 
and  samples  have  a  reflectivity  of  19%.  The  uniaxial  perpen¬ 
dicular  anisotropy  constants  Ku  of  respective  layers  were 
obtained  from  the  expression  Ku  —  2ttMs2  =  -MsHkil. 

In  magnetic  thin  films  the  orientation  of  the  magnetiza¬ 
tion  is  determined  by  the  effective  perpendicular  anisotropy 
constant  K  given  by 

K—Ku  —  2'ttMs2,  (1) 

where  2ttMs2  is  demagnetizing  energy.  When  K  is  negative, 


the  magnetic  film  exhibits  in-plane  magnetization.  On  the 
other  hand,  when  K  is  positive,  the  magnetic  film  exhibits 
perpendicular  magnetization. 

In  both  single  and  double  layer  films,  the  effective  per¬ 
pendicular  anisotropy  K  changes  its  sign  from  negative  to 
positive  at  a  certain  temperature,  resulting  in  a  transition 
from  in-plane  to  perpendicular  magnetization  [Fig.  1(a)]. 
When  the  GdFeCo  layer  is  coupled  with  the  TbFeCo  layer, 


Temperature  (°C) 


FIG.  1.  Temperature  dependence  of  magnetic  and  magneto-optical  proper¬ 
ties  for  single  layer  Gd28(Fe6oCo40)72  (80  nm)  and  double  layer 
Gd28(Fe60Co40)72  (50  nm)/Tb2o(FegQCo2o)go  (30  nm).  (a)  2  tfM s  and  Ku  for 
Gd28(Fe60Co40)72 ,  which  has  a  compensation  temperature  of  220  °C  and  Tc 
of  320  °C.  (b)  Remanent  Kerr  rotation  6k  r. 
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FIG.  2.  Temperature  dependence  of  Okr  for  (a)  double  layer: 
Gdt(Fe|00_),Co),)|00_J.  (50  nm)/Tb2o(Fe80Co20)8o  (30  nm),  where  Tc  of 
the  GdFeCo  layers  was  adjusted  to  320  °C  by  controlling  Co  content 
and  (b)  triple  layer:  Gd28(Fe60Co40)72  (40  nm)/GdxFei00^  (10  nm)/ 
T^2o(Pe80^®2o) so  00  nm). 


Ku  is  apparently  increased  due  to  the  large  perpendicular 
anisotropy  of  the  TbFeCo  layer.  As  a  result,  the  transition 
occurs  at  lower  temperature  [Fig.  1(b)].  It  should  be  noted 
here  that,  in  double-layer  films,  the  transition  does  not  occur 
suddenly  at  a  temperature  but  does  occur  gradually  over  a 
wide  range  of  temperature. 

In  double-layer  films,  as  the  Gd  content  becomes  higher, 
the  transition  point  shifts  to  higher  temperatures  due  to  larger 
demagnetizing  energy  [Fig.  2(a)].  Although  Okr  at  room 
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FIG.  4.  (a)  Schematic  diagram  of  the  magnetization  direction,  (b)  Calculated 
profile  of  magnetization  direction  at  various  temperatures  for  double  layer 
Gd30(Fe55Co45)70/Tb2o(Fe80Co2o)8o  an^  (c)  triple  layer  Gd28(Fe6oCo40)72/ 
Gd40Fe60/Tb2o(Fe80Co2o)8o  whose  properties  are  listed  in  Table  I. 


FIG.  3.  Saturation  magnetization  Ms  as  a  function  of  temperature. 


FIG.  5.  Measured  and  calculated  results  of  OkrIOk  as  a  function  of  tem¬ 
perature  for  double  layer  and  triple  layer  shown  in  Fig.  4.  Optical  constants 
used  were:  «  +  =  3.607-3.817i  and  n“  =  3.698-3.875/  for  GdFeCo  and 
GdFe  layers,  n  +  =  3.475  —  4.1 22i  and  n~  =  3.625  —  4.084/  for  the  TbFeCo 
layer. 
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TABLE  I.  Magnetic  constants  at  room  temperature. 


Gd3o(Fe55Co45)7Q 

Gd2g  (Fe60Co40)  72 

Gd40Fe60 

Tb2o(Fe80Co2o)8o 

Ms  (emu/cm3) 

260 

191 

466 

238 

Ku  (ergs/cm3) 

1.00X104 

2.90X104 

6.65X104 

4.00X106 

A  (ergs/cm) 

4.00X10'7 

4.00X10"7 

2.80X10"7 

3.00X10-7 

temperature  (RT)  can  be  made  almost  zero  by  increasing  the 
Gd  content  up  to  30  at.  %,  the  transition  takes  place  more 
gradually  and  Okr  does  not  reach  its  saturation  value  even  at 
180  °C.  This  is  because,  as  we  will  describe  in  a  later  sec¬ 
tion,  the  interface  wall  appearing  around  the  boundary  be¬ 
tween  the  two  layers  considerably  penetrates  into  the  Gd- 
FeCo  layer. 

For  the  ideal  MSR  media,  the  penetration  of  the  interface 
wall  is  not  desired  and  furthermore  the  transition  should  oc¬ 
cur  suddenly  at  an  appropriate  temperature.  Therefore,  we 
controlled  the  behavior  of  the  interface  wall  by  inserting  an 
intermediate  layer  between  the  readout  and  memory  layers. 
For  high  speed  recording,4  the  lower  part  (intermediate  layer 
side)  of  the  GdFeCo  layer  was  removed  to  maintain  the  total 
thickness  of  magnetic  layers  constantly.  We  adopted  the  in¬ 
termediate  layers  of  GdFe  having  a  low  Curie  temperature 
(Tc)  and  a  large  Ms  as  shown  in  Fig.  3. 

Figure  2(b)  shows  that  the  transition  temperature  in 
triple-layer  films  becomes  higher  as  the  higher  Gd  content  of 
the  intermediate  layer.  A  more  important  point  is  that  in  the 
case  of  higher  Gd  content,  the  triple-layer  films  show  a  sud¬ 
den  transition,  namely,  a  very  steep  slope  of  Okr  while  at¬ 
taining  zero  Okr  at  RT. 

To  analyze  the  effect  of  the  intermediate  layer  on  mag¬ 
netization  transition,  we  calculated  the  profile  of  the  magne¬ 
tization  direction  using  the  noncontinuous  model.6  In  this 
model,  the  total  free  energy  per  unit  area  E  is  expressed  as  a 
function  of  the  magnetization  direction  $>  =  (fa  ,(f>2,„(f>N) 
of  N  homogeneously  magnetized  sheets 

N~l  2A- 

E(&)=  2  ~r  [1_C0S(<A,+  1-^;)] 

1=1  «; 

N 

+  2  [di(Kui  — 2 rrMs'f )sin2  <£,],  (2) 

i=  1 

where  At  is  the  exchange  stiffness  of  the  coupling  between 
the  nth  and  the  («+  l)th  sheet,  and  dt  and  fa  are  the  sheet 
thickness  (0.5  nm)  and  angle  of  the  magnetization  with  re¬ 
spect  to  the  film’s  normal  direction  [Fig.  4(a)],  respectively. 
The  equilibrium  magnetization  orientation  is  obtained  by 
minimizing  E  with  respect  to  <F. 

Kerr  rotation  Ok  can  also  be  obtained  by  Kerr  enhance¬ 
ment  calculation  with  <j)  and  refractive  index  n±  derived 
from 

n ± ( t)  =  n0 ±  Sn X cos( T)/m™( RT) ,  (3) 

where  n0  is  the  average  of  refractive  index  for  right  circu¬ 
larly  polarized  light  n  +  and  for  left  circularly  polarized  light 
n”,  and  Sn  is  the  difference  between  n+  and  and 


m™(T)  and  m™(RT)  are  magnitudes  of  TM  magnetic  mo¬ 
ment  at  the  temperature  and  RT,  respectively. 

We  applied  these  micromagnetic  calculations  to  double 
and  triple  layer  films  both  of  which  have  almost  zero  Okr  at 
RT.  The  calculated  results  show  that  the  interface  wall  of  the 
double-layer  film  significantly  penetrates  into  the  GdFeCo 
layer  which  has  a  small  effective  magnetic  anisotropy  [Fig. 
4(b)].  As  the  temperature  increases,  the  interface  wall 
spreads  into  the  GdFeCo  layer,  and  as  a  result,  the  transition 
from  in-plane  to  perpendicular  magnetization  does  not  occur 
suddenly. 

On  the  other  hand,  in  the  case  of  triple-layer  film,  the 
interface  wall  is  almost  confined  within  the  intermediate 
layer,  and  the  direction  of  the  magnetization  in  the  GdFeCo 
layer  is  almost  completely  in-plane  at  low  temperatures  [Fig. 
4(c)].  This  can  be  attributed  to  the  strong  effective  in-plane 
anisotropy  of  the  intermediate  layer.  When  the  temperature  is 
increased,  the  transition  of  the  GdFeCo  layer  to  perpendicu¬ 
lar  magnetization  occurs  very  rapidly.  This  seems  to  be  at¬ 
tributed  to  the  rapid  decrease  of  the  effective  in-plane  aniso¬ 
tropy  of  the  intermediate  layer  below  and  near  the  Curie 
temperature.  Figure  5  shows  that  the  calculation  results  are 
in  good  agreement  with  experimental  results.  The  triple-layer 
film  is  seen  to  exhibit  very  rapid  transition  around  140  °C. 

The  triple-layer  media  was  confirmed  to  achieve  CN  ra¬ 
tio  at  least  4  dB  higher  than  the  double-layer  media  for  a^. 
mark  length  of  0.40  /jm  using  a  conventional  optical  unit 
with  a  wavelength  of  780  nm  and  numerical  aperture  of  0.55. 

Transition  from  in-plane  to  perpendicular  magnetization 
of  GdFeCo  layers  occurs  as  a  result  of  the  changes  in  the 
sign  of  the  effective  perpendicular  anisotropy.  In  the  triple¬ 
layer  films,  the  transition  occurs  more  rapidly  than  double¬ 
layer  films.  A  micromagnetic  calculation  showed  that  the  in¬ 
terface  wall  is  almost  completely  confined  within  the 
intermediate  layer  while,  in  the  case  of  the  double-layer 
films,  the  wall  penetrates  into  the  GdFeCo  layer.  The  triple¬ 
layered  films  make  it  possible  to  improve  the  MSR  charac¬ 
teristics. 
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Magnetic  parameter  control  for  high-density  quadrivalued  MO  recording 
(invited)  (abstract) 
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Tsukuba-gun,  Ibaraki,  300-24  Japan 

To  increase  recording  density  of  MO  media,  several  schemes  have  been  proposed.  Among  them, 
magnetic  multivalued  (MMV)  recording  is  one  of  the  most  promising  methods.  We  have  first 
realized  the  quadrivalued  MMV  media  using  a  field  modulation  method.1  Such  media  is  composed 
of  an  exchange  coupled  TbFeCo/PtCo  bilayer.  By  switching  the  external  field  in  four  levels,  the 
separated  signal  corresponding  to  the  each  field  is  obtained  as  a  four  leveled  output.  For  the  acutal 
device  application  for  high-density  and  high-speed  recording,  it  is  necessary  to  reduce  the  external 
field  as  small  as  possible.  In  the  previous  experiment,  about  ±900  Oe  was  necessary  to  record  the 
whole  levels.  For  such  MMV  media,  the  quadrivalued  signal  response  depends  on  the  magnetic 
characteristics  of  the  TbFeCo/PtCo  bilayer,  which  is  so  called  dual  write  state.1  The  higher  field 
level  on  the  MMV  media  is  defined  by  the  threshold  field  of  the  dual  write  state.  It  is  found  that  the 
threshold  field  is  controllable  to  tune  the  magnetic  parameter,  especially  the  exchange  coupling 
force  between  the  TbFeCo  and  PtCo.  As  a  result,  the  reduction  of  the  recording  field  less  than  350 
Oe  is  realized  on  a  new  media.  Using  such  tuned  media,  high-density  quadrivalued  recording  is 
experimentally  carried  out.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)46408-5] 
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Patterning  of  glass  or  plastic  substrates  in  the  form  of  shallow  square  patches  is  a  promising  method 
of  increasing  the  storage  density  for  magneto-optical  disks.  The  sidewalls  of  the  patches  pin  the 
reverse-magnetized  domains  that  develop  in  these  samples.  Confinement  of  domains  within  the 
patch  boundaries  during  thermomagnetic  recording  has  also  been  demonstrated.  We  have  measured 
polarization  conversion  of  the  incident  light  on  the  sidewalls  of  the  patches;  a  method  to  reduce  the 
amount  of  such  polarization  conversion  is  proposed  in  this  article.  ©  1996  American  Institute  of 
Physics .  [S0021-8979(96)06008-5] 


I.  INTRODUCTION 

To  keep  pace  with  present  hard  magnetic  drives, 
magneto-optical  (MO)  recording  technology  must  increase 
recording  density  to  10  Gb/in.2.  Such  densities  imply  re¬ 
corded  domain  diameters  of  the  order  of  0.25  ^m.  From  a 
micromagnetic  point  of  view,  such  domains  are  stable  in  the 
current  MO  media,  which  are  based  on  amorphous  rare-earth 
transition  metal  alloys.1  The  problem  is  how  to  write  and 
read  back  such  small  domains  considering  the  fact  that,  even 
for  the  blue  light,  the  focused  spot  at  the  disk  surface  is  about 
twice  the  size  of  the  desired  domains.  Reading  of  small 
marks  may  be  possible  with  a  three-beam  scheme2  in  con¬ 
junction  with  partial  response  signaling.3  As  for  writing  and 
erasure,  patterning  of  disk  substrates4,5  promises  to  confine 
reverse-magnetized  domains  within  areas  that  are  as  small  as 
(or  even  smaller  than)  the  focused  laser  spot. 

Figure  1  presents  the  main  idea  behind  the  confinement 
of  domains  on  patterned  disks.  The  circle  with  a  radius  of  0.4 
/am  represents  the  Airy  disk  for  the  laser  spot  with  a  wave¬ 
length  of  400  nm,  focused  through  an  objective  lens  with 
NA=0.6.  The  disk  substrate  is  patterned  by  0.25X0.25  ^tm2 
shallow  square  patches  in  the  form  of  a  checkerboard.  When 
the  laser  beam  is  focused  at  the  center  of  a  patch  it  nucleates 
a  reverse  domain  which  subsequently  expands  (under  the  in¬ 
fluence  of  an  externally  applied  magnetic  field)  towards  the 
patch  borders.  The  sidewalls  of  the  patch  prevent  the  domain 
wall  from  crossing  the  patch  boundary.  This  confinement  is 
caused  by  the  increased  coercivity  of  the  MO  film  at  the 
sidewalls.  The  increased  coercivity  is  probably  rooted  in  the 
tilt  of  the  easy  axis  of  magnetization  on  the  sidewalls,  as  well 
as  in  the  reduced  film  thickness  there.6  Thus,  this  technique 
should  allow  the  writing  of  magnetic  domains  smaller  than 
the  laser  spot.  Another  advantage  of  patterned  substrates  is 
that  the  laser  beam  does  not  interfere  with  previously  re¬ 
corded  domains  since  the  patch  sidewalls  prevent  the  expan¬ 
sion  or  contraction  of  existing  domains  in  the  neighborhood 
of  the  focused  spot. 

In  this  article  we  provide  experimental  evidence  for  the 
strong  pinning  of  domain  walls  on  the  sidewalls  of  shallow 
patches.  Thermomagnetic  recording  performed  on  several 
patterned  samples  indicates  that  recorded  domains  can  form 
within  the  confines  of  patches  that  have  a  height  (or  depth)  as 
low  as  10  nm.  Scanning  optical  microscopy  has  been  used  to 


identify  the  source  of  noise  introduced  during  readout  of 
patterned  samples. 

II.  EXPERIMENT 

Coming  7059  glass  substrates  were  patterned  using  a 
photolithographic  method.4  The  patterns  in  the  photoresist 
layer  were  produced  by  exposure  to  optical  interference 
fringes  in  two  orthogonal  directions.  2.5  X 2.5  /zm2,  1X1 
pi m2,  and  0.5  X 0.5  /zm2  square  patches  having  height  (or 
depth)  of  10,  20,  or  30  nm  were  produced  by  argon-ion 
etching  through  the  developed  photoresist  mask.7,8  The 
samples  used  in  our  study  are  listed  in  Table  I.  The  resulting 
surface  features  are  shown  in  two  typical  atomic  force  mi¬ 
crographs  in  Fig.  2.  If  the  exposed  photoresist  is  underdevel¬ 
oped,  wells  appear  in  the  photoresist  film,  which,  upon  ion 
etching,  are  replicated  into  the  glass  substrate  [see  Fig.  2(a)]. 
On  the  other  hand,  if  the  exposed  photoresist  is  overdevel¬ 
oped,  isolated  islands  remain  on  the  glass  substrate  [see  Fig. 
2(b)].  A  thin  film  stack  was  subsequently  deposited  on  these 
substrates  as  follows:  substrate/SiN(10  nm)/TbFeCo (either 
25  nm  or  50  nm)/SiN(80  nm).  The  MO  layer  in  this  stack 
was  an  amorphous  Tb-rich  TbFeCo  film  having  a  saturation 
moment  Ms  — 190  emu/cm3  and  a  coercivity  He— 3  kOe  at 
T=300  K  (see  Table  I). 

Figure  3  is  a  schematic  diagram  of  our  custom-built  mi¬ 
croscope  for  domain  observations,  Kerr  loop  tracing  (with  a 
resolution  approaching  one  wavelength  of  the  light),  wall 
motion  studies,  and  scanning  optical  microscopy.  Domain 
structures  were  observed  in  this  polarized-light  microscope 


FIG.  1.  Schematic  diagram  showing  a  checkerboard  pattern  of  0.25x0.25 
p,m2  square  patches  on  a  disk  substrate.  The  0.8  ^tm  diam  circle  represents 
the  Airy  disk  of  the  focused  laser  spot,  produced  with  a  0.6  NA  objective 
lens  at  a  wavelength  of  400  nm.  The  small  white  circle  in  the  middle  rep¬ 
resents  a  domain  nucleus. 
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TABLE  I.  Characteristics  of  the  samples  used  in  experiments. 


Sample 

Patch  size 
(/um2) 

Patch  height 
(nm) 

TbFeCo  thickness 
(nm) 

Etched  areas 

A 

2.5X2.5 

30 

50 

Low 

B 

1X1 

20 

50 

Low 

C 

1X1 

10 

50 

Low  and  high 

D 

0.5X0.5 

10 

25 

Low  and  high 

using  a  100X  oil  immersion  objective.  The  observations 
were  recorded  with  a  TV  camera  and  a  PC-based  frame  grab¬ 
ber  that  allowed  image  processing  for  noise  reduction.9  An 
electromagnet,  having  a  maximum  field  capability  of  9  kOe 
and  a  rise  time  of  50  ms,  was  mounted  under  the  micro¬ 
scope’s  XY  stage  to  provide  the  necessary  fields  for  domain 
nucleation  and  wall  motion  studies,  for  thermomagnetic  re¬ 
cording,  and  for  loop  tracing.  The  microscope  was  supple¬ 
mented  with  a  laser  diode  operating  at  \=780  nm.  The  laser 
beam  was  focused  onto  the  sample  by  the  microscope’s  ob¬ 
jective  lens.  The  reflected  beam  was  picked  up  by  a  differ¬ 
ential  detection  module  (polarizing-beam  splitter  and  two 
photodiodes).  The  difference  and  sum  signals  from  the  de¬ 
tectors  were  sampled  by  an  A/D  board  and  were  sent  to  the 
computer  for  further  processing. 

For  Kerr  loop  tracing  with  submicron  resolution,  the 
sampling  of  detector  outputs  was  synchronized  with  the 
sweeping  magnetic  field.  For  every  value  of  the  magnetic 
field,  the  differential  and  sum  signals  were  sampled  and  an 
apparent  Kerr  rotation  angle  was  calculated.  (Faraday  rota¬ 
tion  in  the  objective  lens  was  taken  into  account  when  the 


FIG.  2.  AFM  pictures  of  1 X 1  fx m2  patches  on  Corning  7059  glass  substrates 
obtained  by  a  photolithographic  process  and  argon-ion  milling,  (a)  Lowered 
patches  having  a  depth  of  10  nm.  (b)  Raised  patches  having  a  height  of  20 
nm. 


FIG.  3.  Experimental  setup  used  in  observations  of  domain  nucleation  and 
wall  propagation,  scanning  optical  microscopy,  and  micro-Kerr  loop  tracing. 

final  Kerr  angle  was  determined.)  Kerr  hysteresis  loops  ob¬ 
tained  with  this  loop  tracer  will  be  discussed  later  in  the 
article. 

To  study  the  peculiarities  of  domain  wall  motion  with  a 
spatial  resolution  of  better  than  50  nm,  the  magnetic  field 
was  brought  up  to  a  constant  level  that  allowed  a  single 
domain  wall  to  move  under  the  laser  spot.  The  differential 
output  signal  was  then  sampled  at  equal  time  intervals  (maxi¬ 
mum  sampling  rate=  105/s)  and  plotted  as  a  function  of  time. 
This  method  allows  observation  of  small  Barkhausen  jumps 
during  wall  motion.10 

For  scanning  optical  microscopy,  the  polarized-light  mi¬ 
croscope  was  equipped  with  a  piezo  stage.  The  piezo  stage 
was  computer  controlled,  its  steps  being  synchronized  with 
the  sampling  instances  of  the  differential  and  sum  signals 
from  the  photodetectors.  A  two-dimensional  plot  of  the  sum 
signal  would  represent  a  reflectivity  map  of  the  sample.  The 
corresponding  plot  of  the  differential  signal  would  yield  a 
map  of  the  polarization  rotation  angles  occurring  at  the  sam¬ 
ple’s  surface. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Scanning  optical  microscopy  of  patterned  samples 

Figure  4  shows  scanning  photomicrographs  of  patterned 
samples  that  were  saturated  prior  to  scanning  (i.e.,  there  was 
no  magnetic  structure  within  the  scanned  area).  The  micro¬ 
graphs  were  obtained  using  the  differential  signal  from  the 
detector  module.  The  gray  level  represents  the  degree  of  ro¬ 
tation  of  polarization.  In  Figs.  4(a)  and  4(b),  where  the  patch 
size  is  2.5  X  2.5  /mm2  and  the  patch  height  is  30  nm  (sample 
A),  black  corresponds  to  a  minimum  rotation  of  —3.0°  and 
white  corresponds  to  a  maximum  rotation  of  +3.0°.  Figure 
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FIG.  4.  Scanning  photomicrographs  of  patterned  samples.  The  samples  were 
saturated  in  a  strong  magnetic  field  prior  to  scanning.  The  differential  signal 
picked  up  during  scanning  (and  used  to  produce  these  images)  was  propor¬ 
tional  to  the  angle  of  rotation  of  polarization.  The  incident  polarization  was 
linear  along  the  Y  axis,  (a)  2.5  X  2.5  /nm2  patches  having  a  height  of  30  nm. 
(b)  Same  sample  as  in  (a)  but  rotated  45°  around  the  Z  axis,  (c)  1X1  /nm2 
patches  having  a  height  of  10  nm. 
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4(a)  indicates  that  the  patch  borders  cause  a  fairly  significant 
rotation  of  polarization.  Specifically,  the  sidewalls  of  the 
patches  aligned  at  ±45°  to  the  direction  of  incident  polariza¬ 
tion  (which  is  along  the  Y  axis)  produce  the  strongest  rota¬ 
tions.  If  the  orientation  of  the  sidewall  relative  to  the  incident 
polarization  is  +45°  (upper  left  and  lower  right  comers  of 
each  patch)  the  sidewalls  produce  negative  rotation.  For 
-45°  orientation  (lower  left  and  upper  right  comers  of  each 
patch)  the  sense  of  rotation  is  positive.  The  observed  rota¬ 
tions  are  caused  by  different  reflectivities  for  the  p  and  s 
components  of  polarization,  where  s  is  perpendicular  and  p  is 


FIG.  5.  Domain  structure  developing  under  a  bias  magnetic  field  in  a 
TbFeCo  film  on  a  patterned  substrate  having  10  nm  high,  1X1  /nm2  patches: 
(a)  at  H= 2.8  kOe;  (b)  scanned  photomicrograph  showing  a  close-up  of  a 
small  region  in  (a);  (c)  at  H=3A  kOe;  (d)  at  H= 4.5  kOe. 


parallel  to  the  sidewall.  If  the  incident  polarization  happens 
to  be  either  parallel  or  perpendicular  to  the  sidewall,  then 
there  would  be  no  rotations  at  all.  The  patches  in  Fig.  4(a) 
are  visible  in  this  differential  scanning  micrograph  essen¬ 
tially  because  they  have  rounded  comers  (at  ±45°  to  the 
incident  polarization).  If  we  rotate  the  sample  by  45°,  then 
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H  (kOe) 


FIG.  6.  Micro-Kerr  loop  measured  on  the  sample  of  Fig.  5  using  a  loop 
tracer  with  a  2  jjl m  diam  focused  spot. 


the  sidewalls  themselves  become  oriented  at  ±45°  to  the 
incident  polarization,  which  is  the  case  presented  in  Fig. 
4(b).  In  Fig.  4(c),  where  the  patches  are  1X1  jam 2  and  the 
patch  height  is  only  10  nm  (sample  C),  the  minimum  rotation 
angle  (black)  is  -0.3°  and  the  maximum  rotation  angle 
(white)  is  +0.3°.  The  order  of  magnitude  reduction  in  the 
polarization  rotation  angles  in  the  case  of  Fig.  4(c)  as  com¬ 
pared  to  those  in  Figs.  4(a)  and  4(b)  indicates  that  polariza¬ 
tion  rotation  on  the  sidewalls  dramatically  decreases  with  a 
reduction  of  the  patch  height. 

B.  Magnetic  domain  structures  in  patterned  samples 

Figure  5  shows  domain  structures  developing  in  the  pat¬ 
terned  sample  C  [i.e.,  the  sample  with  the  surface  topography 
of  Fig.  2(b)]  under  a  bias  magnetic  field.  At  first  the  magnetic 
reversal  occurs  due  to  nucleation  followed  by  wall  motion  in 
the  connected  areas  of  the  sample,  namely  in  the  region  be¬ 
tween  the  patches,  as  shown  in  the  polarized-light  micro¬ 
graph  of  Fig.  5(a).  The  scanning  optical  micrograph  of  Fig. 
5(b)  shows  how  the  domain  structure  bends  its  way  around 
the  patches,  leaving  behind  unreversed  islands.  In  this  pic¬ 
ture,  the  advancing  domains  are  black,  while  the  four  corners 
of  individual  patches  appear  as  two  pairs  of  bright  and  dark 
spots.  The  surviving  domains  appear  as  elongated  bright 
spots  oriented  at  45°  to  the  X  axis.  This  apparent  elongation 
of  the  domain  is  an  illusion  caused  by  the  surrounding  pairs 
of  bright  and  dark  spots  arising  from  the  patch  comers:  the 
dark  spots  compress  the  domain  image  in  one  direction, 
while  the  bright  spots  stretch  it  in  the  perpendicular  direc¬ 
tion.  At  a  certain  magnetic  field  the  entire  region  in-between 
the  patches  becomes  saturated,  while  within  the  patches 
magnetization  remains  unreversed  [see  Fig.  5(c)].  Appar¬ 
ently,  the  patch  sidewalls  prevent  domain  walls  from  enter¬ 
ing  the  patches.  At  higher  magnetic  fields  the  domains  con¬ 
fined  within  the  patches  begin  to  collapse  either  by  domain 
wall  penetration  through  the  sidewalls  or  by  nucleation  of 
reverse  domains  from  within  the  patches  [see  Fig.  5(d)]. 

Figure  6  shows  a  micro-Kerr  loop,  measured  in  sample 

C,  using  a  2  jam  diam  probe  laser  beam  {Me  intensity  radius 
~1  jam).  The  beam  covers  a  region  that  contains  only  a  few 
patches  (a  minimum  of  one  and  a  maximum  of  four),  thus 
allowing  us  to  obtain  information  about  individual  patch  re¬ 
versals.  The  shaip  drop  in  the  Kerr  signal  in  the  vicinity  of 
2.8  kOe  corresponds  to  magnetization  reversal  in  the  con¬ 


FIG.  7.  (a)  Magnetic  force  microscope  image  of  domain  structure  develop¬ 
ing  under  a  bias  magnetic  field  in  a  TbFeCo  film  on  a  patterned  substrate 
having  10  nm  high,  0.5X0.5  fm\2  patches,  (b)  Atomic  force  micrograph  of 
the  same  region  of  the  sample. 


nected  regions  between  the  patches.  The  three  jumps  that 
follow  the  first  one  at  magnetic  fields  between  2.8  and  4.8 
kOe  correspond  to  individual  reversals  within  the  three 
patches  that  are  apparently  illuminated  by  the  focused  beam 
in  this  experiment.  The  different  heights  of  the  jumps  are  due 
to  uneven  illumination  of  the  patches. 

The  domain  structure  under  a  bias  magnetic  field  in 
sample  D,  which  has  0.5X0.5  jam2  patches,  is  shown  in  Fig. 
7(a).  Since  optical  microscopy  fails  to  resolve  domain  fea¬ 
tures  on  such  a  small  scale,  we  employed  an  atomic  force 
microscope  (AFM)  and  a  magnetic  force  microscope  (MFM) 
for  these  observations.  In  Fig.  7(a)  the  MFM  picture  shows 
domains  expanding  in  the  connected  areas  between  the 
patches.  [The  AFM  picture  of  Fig.  7(b)  shows  the  same  re¬ 
gion  of  the  sample  where  the  patches  are  white  and  the  space 
between  them  is  black.]  In  a  good  portion  of  the  MFM  pic¬ 
ture,  the  black  domain  structure  has  developed  in  the  con¬ 
nected  areas  of  the  sample,  but  it  has  not  penetrated  through 
the  patch  borders. 

Figure  8  shows  a  micro-Ken*  loop,  measured  for  sample 
D,  using  a  2  jam  diam  probe  beam.  The  first  jump  of  the  Kerr 
signal  in  the  vicinity  of  77=2.6  kOe  corresponds  to  fast  do¬ 
main  expansion  in  the  connected  areas  between  the  patches. 
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FIG.  8.  (a)  Micro-Kerr  loop  measured  on  the  sample  of  Fig.  7  using  a  loop 
tracer  with  a  2  /xm  diam  focused  spot:  (b)  Enlarged  view  of  the  section  of 
the  loop  between  H= 2.5  and  H =4.0  kOe. 
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FIG.  9.  (a)  Domains  written  on  1 X 1  fx m2  patches  having  a  height  of  20  nm 
at  H=13  kOe  using  200  ns,  10  mW  laser  pulses,  (b)  Domains  erased  at 
H=  1  kOe  by  200  ns,  10  mW  laser  pulses  from  a  sample  having  10  nm  high, 
1X1  fi m2  patches. 


The  next  five  jumps  between  H— 2.6  and  H= 3.6  kOe  corre¬ 
spond  to  individual  patch  reversals.  As  before,  different  mag¬ 
nitudes  of  the  jumps  are  caused  by  uneven  illumination  of 
the  patches  within  the  focused  beam. 

These  observations  of  magnetization  reversal  on  pat¬ 
terned  substrates  indicate  that  the  patch  sidewalls  prevent 
domain  walls  from  entering  the  patches.  At  room  tempera¬ 
ture  the  strength  of  this  sidewall  pinning  varies  from  a  maxi¬ 
mum  of  1  kOe  in  the  0.5  X  0.5  jum2  patches  to  a  maximum  of 
2  kOe  in  the  1X1  jum2  patches  (both  patches  having  a  height 
of  10  nm).  This  difference  may  be  due  to  the  better  quality  of 
the  1  X 1  jum2  patches  fabricated  with  our  photolithographic 
process.  One  conclusion  that  we  may  draw  from  this  study  is 
that  pinning  on  the  sidewalls  should  also  occur  when  a  do¬ 
main  nucleates  inside  a  patch  and  proceeds  to  expand  to¬ 
wards  the  sidewalls.  It  must  therefore  be  possible  to  confine 
such  domains  within  the  patch  borders. 

C.  Thermomagnetic  recording  and  erasure 
experiments  on  patterned  samples 

Figure  9  shows  results  of  thermomagnetic  recording  and 
erasure  on  patterned  samples.  The  780  nm  laser  beam  was 
directed  through  a  1.25  NA  immersion  oil  objective  onto 
individual  patches  and,  with  the  aid  of  an  externally  applied 
magnetic  field,  effected  the  writing  and/or  erasing  of  do¬ 
mains.  The  domains  in  Fig.  9(a)  were  written  inside  the 
patches  of  the  initially  saturated  sample  B  under  a  reverse 
field  of  1.3  kOe  using  a  10  mW,  200  ns  laser  pulse.  Good 
confinement  of  domains  within  individual  patches  is  ob¬ 
served.  In  Fig.  9(b),  the  application  of  10  mW,  200  ns  laser 
pulses  has  produced  erasure  of  selected  domains  on  sample 


FIG.  10.  (a)  Domains  written  on  1 X 1  jum2  patches  having  a  height  of  20  nm 
at  H=  1.3  kOe  using  200  ns,  10  mW  laser  pulses,  (b)  Domains  written  on  a 
flat  area  of  the  same  sample  under  identical  recording  conditions. 

C,  which  was  described  earlier  in  conjunction  with  Fig.  5; 
the  pattern  of  domains  before  erasure  of  selected  patches 
may  be  seen  in  Fig.  5(c). 

Figure  10(a)  shows  domains  written  on  1 X 1  jum2,  20  nm 
high  patches  (sample  B)  under  a  reverse  field  of  1.3  kOe, 
using  10  mW,  200  ns  laser  pulses.  Compare  this  with  Fig. 


FIG.  11.  (a)  Scanning  photomicrograph  of  a  domain  recorded  on  a  1X1  jum2 
patch.  The  focused  beam  was  aimed  at  the  center  of  the  patch  during  re¬ 
cording.  (b)  Same  as  (a)  but  the  beam  was  intentionally  offset  from  the  patch 
center. 
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FIG.  12.  Noise  spectra  measured  on  the  flat  region  (bottom  trace)  and  pat¬ 
terned  region  (top  trace)  of  the  sample  having  IX 1  /mi2,  10  nm  high 
patches.  The  sample  was  fully  saturated  in  a  strong  magnetic  field  prior  to 
these  measurements.  The  sample’s  linear  velocity  during  these  measure¬ 
ments  was  5  m/s. 

10(b),  which  shows  domains  written  under  identical  condi¬ 
tions  on  the  flat  area  outside  the  patterned  region  of  the  same 
sample.  The  domains  on  the  flat  region  are  much  larger,  thus 
implying  confinement  on  the  part  of  domains  written  onto 
the  patches. 

Figure  11(a)  shows  a  domain  written  on  a  1X1  pm2 
patch  on  sample  C  using  the  same  conditions  as  those  de¬ 
scribed  earlier  in  conjunction  with  Figs.  9  and  10.  This  scan¬ 
ning  optical  micrograph  shows  that  the  recorded  domain  is 
located  symmetrically  with  respect  to  the  two  pairs  of  bright 
and  dark  spots  corresponding  to  the  patch  comers.  The  size 
of  the  domain  is  similar  to  those  shown  in  Fig.  5(b).  If  we 
intentionally  miss  a  patch  during  thermomagnetic  writing,  as 
we  did  in  the  case  of  Fig.  11(b),  the  resulting  domain  be¬ 
comes  considerably  larger,  reminding  us,  once  again,  of  the 
lack  of  confinement. 

The  noise  spectrum  measured  in  a  dynamic  tester11  on 
sample  C  is  shown  in  Fig.  12.  The  sample  was  magnetically 
saturated  before  the  measurement.  The  peaks  at  2.5,  5.0,  and 
7.5  MHz  correspond  to  the  first  three  harmonics  of  the  2  pm 
period  pattern  at  the  measurement  velocity  of  5  m/s.  Shown 
below  the  spectrum  of  the  patterned  region  is  the  noise  spec¬ 
trum  obtained  from  the  flat  region  of  the  same  sample.  Note 
that  the  additional  wideband  noise  introduced  by  the  patches 
is  about  5  dB.  This  noise  is  believed  to  have  arisen  from  the 
induced  roughness  on  the  substrate  by  our  primitive  photo¬ 
lithographic  and  ion-etching  processes.  Improvements  in  the 
patterning  process  should  reduce  this  component  of  the  me¬ 
dia  noise.  The  various  harmonics  of  the  periodic  pattern  ap¬ 


pearing  in  the  differential  channel  output  are  caused  by  po¬ 
larization  rotation  at  patch  comers,  as  discussed  earlier.  To 
prevent  the  signal  of  the  patches  from  appearing  alongside 
the  MO  signal  in  the  differential  channel  output,  one  must 
fabricate  perfectly  square  patches  whose  sides  are  aligned 
strictly  parallel  and  perpendicular  to  the  direction  of  polar¬ 
ization  of  the  incident  beam. 

IV.  CONCLUSIONS 

Kerr  loop  tracing  on  micrometer-sized  regions  and  scan¬ 
ning  optical  microscopy  with  polarization  detection  have 
been  employed  to  study  magnetization  reversal  on  patterned 
substrates.  Pinning  of  domain  walls  in  TbFeCo  films  by  the 
sidewalls  of  shallow  patches  on  patterned  glass  substrates 
has  been  demonstrated.  Also,  thermomagnetically  written 
domains  have  been  shown  to  be  successfully  confined  within 
the  patches.  The  angle  of  rotation  of  polarization,  caused  by 
different  reflectivities  of  the  patch  comers  for  p-  and 
5 -polarized  light  was  measured,  and  a  method  to  eliminate 
this  undesirable  signal  was  proposed. 
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Comparison  of  the  magneto-optical  figure  of  merit  of  NdFeCo 
and  TbFeCo  alloys 

W.  A.  Challener 
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Due  to  the  magneto- optical  (MO)  activity  of  light  rare  earths,  NdFeCo  alloys  have  been  suggested 
as  candidates  for  use  in  future  high  density  MO  media  designed  for  use  at  shorter  wavelengths.  We 
have  measured  the  MO  indices  of  refraction  and  computed  the  maximum  Kerr  rotation  figure  of 
merit  as  a  function  of  wavelength  from  400  to  900  nm  for  a  wide  range  of  NdFeCo  and  TbFeCo 
alloys.  Only  a  marginal  gain  in  MO  media  performance  is  expected  by  incorporating  NdFeCo  into 
optimized  TbFeCo  thin  film  stacks.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)  10908-5] 


INTRODUCTION 

Magneto-optic  (MO)  materials  suitable  for  future  high 
density  MO  media  will  be  designed  for  use  with  shorter 
wavelength  lasers.  Rare-earth-transition-metal  (RE-TM)  al¬ 
loys  in  general  and  TbFeCo  in  particular  have  been  found 
quite  suitable  for  use  in  media  designed  to  operate  at  red  and 
near-IR  wavelengths.  These  alloys  can  be  tailored  to  exhibit 
perpendicular  anisotropy,  high  coercivity,  and  Curie  tempera¬ 
tures  that  are  suitable  for  the  recording  powers  available  with 
current  semiconductor  lasers.  While  the  MO  signal  is  not 
particularly  large,  an  optimized  thin  film  stack  typically  ex¬ 
hibits  about  20%  reflectance  and  1°  Kerr  rotation.  This  to¬ 
gether  with  the  amorphous  nature  of  the  MO  film,  which 
eliminates  grain  boundary  noise,  generally  provides  an  ex¬ 
cellent  signal-to-noise  ratio.  In  addition,  TbFeCo  can  be 
sputtered  from  an  alloy  target,  making  it  more  easily  manu¬ 
factured  than  a  nanolayered  MO  material  such  as  PtCo. 

Concern  has  been  expressed  in  the  MO  community 
about  ways  to  increase  the  MO  signal,  especially  at  shorter 
wavelengths.  As  a  result,  a  variety  of  materials1-5  have  been 
proposed  as  replacements  for  TbFeCo,  or  as  “enhancement 
layers.”  The  latter  typically  lack  certain  desirable  properties 
such  as  perpendicular  anisotropy  and/or  high  room  tempera¬ 
ture  coercivity,  and  so  must  be  laminated  with  another  mate¬ 
rial  like  TbFeCo  to  obtain  a  suitable  recording  medium. 

An  enhanced  Kerr  rotation  has  been  reported  for  Nd¬ 
FeCo  alloys.6-10  It  was  initially  suggested  that  a  Nd  spin- 
polarized  4/  band  was  within  about  2  eV  of  the  Fermi  level, 
closer  than  that  of  the  heavy  rare  earths,  and  could  therefore 
contribute  to  the  increase  in  Kerr  rotation.7,11  Subsequent 
electronic  structure  calculations,12  however,  indicated  that 
transitions  from  Fe  d  states  at  the  Fermi  level  to  Nd  /  states 
about  3.85  eV  above  the  Fermi  level  are  primarily  respon¬ 
sible  for  the  MO  activity.  This  information  is  not  sufficient, 
however,  to  determine  if  NdFeCo  alloys  can  be  used  in  op¬ 
timized  thin  film  stacks  to  give  a  larger  signal  in  MO  media 
than  that  which  can  be  obtained  with  TbFeCo  alloys.13  The 
correct  figure  of  merit  (FOM)  for  comparing  different  MO 
materials  is  not  the  Kerr  rotation  of  the  thick  film,  but  rather 
the  potential  Kerr  coefficient14,15  or  maximum  Kerr 
rotation.16  These  FOMs  can  only  be  calculated  by  first  com¬ 
pletely  determining  the  MO  refractive  indices  of  the  materi¬ 
als.  The  maximum  Kerr  rotation  FOM  is13 


FoM°^/(i+^)(4"2+A,a  o) 

where  R  is  the  reflectance  of  the  film  stack,  and  the  refractive 
index  of  the  MO  layer  is  (n± An)  +  i(K±  AK)  where  the 
“  +  ”  and  “  —  ”  signs  refer  to  right  and  left  circular  polariza¬ 
tions,  respectively.  The  potential  Kerr  coefficient  FOM  in 
other  publications14,17  may  be  directly  compared  to  the  maxi¬ 
mum  Kerr  rotation  FOM  in  this  article  after  multiplying  by 
(36072tt)(1  -R/4R)= 102.5°  for  R -0.2. 


EXPERIMENT 

Samples  with  a  variety  of  NdFeCo  and  TbFeCo  compo¬ 
sitions  were  dc  magnetron  sputtered  in  Ar  gas  at  a  pressure 
of  2.5  mTorr  from  elemental  targets  in  a  vacuum  chamber 
with  a  base  pressure  of  1.5X10-7  Torr.  Silicon  wafers  and 
glass  microscope  slides  were  used  as  substrates.  They  were 
mounted  on  a  planetary  and  its  speed  of  revolution  could  be 
controlled  to  obtain  either  complete  mixing  or  nanolayering. 
The  typical  sample  consisted  of  180-200  A  of  SiC,  150-200 
A  RE-TM  deposited  in  an  alloylike  film,  and  180-200  A 
SiC.  Film  thicknesses  were  measured  by  a  stylus  profilome- 
ter.  The  SiC  was  used  as  an  environmental  barrier  to  oxida¬ 
tion  of  the  MO.  Separate  glass  slides  of  SiC  alone  were  also 
prepared  for  optical  characterization. 

The  composition  of  the  samples  was  measured  by  XRF 
on  the  Si  wafers.  Reflectance  and  transmittance  measure¬ 
ments  were  made  from  both  the  air-incident  and  substrate- 
incident  side  of  the  thin  films  on  the  glass  slides  from  400  to 
900  nm  to  determine  the  average  value  of  the  index  of 
refraction.18  The  MO  indices  of  refraction  were  calculated 
from  polar  Kerr  rotation  and  ellipticity,  measured  from  400 
to  900  nm  from  the  air-incident  side  only  to  minimize  effects 
of  Faraday  rotation  in  the  glass  substrate.  Room  temperature 
magnetization  was  measured  on  a  vibrating- sample  magne¬ 
tometer. 

Three  optimized  film  stacks  were  also  deposited.  The 
first  of  these  was  a  standard  quadrilayer  consisting  of  60  A 
YOt/200  A  TbFeCoTa/400  A  YO J  and  1000  A  AlCr.  In  the 
other  two  film  stacks  the  MO  layer  was  replaced  by  a  trilayer 
film  stack  with  50  A  TbFeCoTa  on  either  side  of  a  100  A 
NdFeCo  layer  to  obtain  perpendicular  anisotropy  and  100% 
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FIG.  1.  Figure  of  merit  vs  wavelength  for  various  TbFeCo  alloys. 


remanence  for  the  MO  trilayer.  For  these  two  film  stacks,  the 
NdFeCo  layers  were  deposited  in  a  nanolayered  structure  to 
enhance  perpendicular  anisotropy.19 

RESULTS  AND  DISCUSSION 

The  wavelength  dependence  of  the  maximum  Kerr  rota¬ 
tion  FOM  for  a  film  stack  with  20%  reflectance  is  shown  for 
several  Tb0.2(FeCo)a8  alloys  in  Fig.  1.  The  standard  devia¬ 
tion  in  the  measurements  from  random  error  is  less  than 
±0.05.  Systematic  error  in  the  film  thickness  or  optical  mea¬ 
surements  is  more  difficult  to  assess,  but  is  probably  no 
larger  than  the  random  error.  The  FOM  decreases  monotoni- 
cally  with  decreasing  wavelength,  as  found  previously.13,17 
The  maximum  FOM  occurs  for  an  Fe/Co  ratio  close  to  1, 
which  also  corresponds  to  maximum  room  temperature  mag¬ 
netization.  Tb0 18Fe070Co0 10Ta002,  used  in  current  MO  me¬ 
dia,  has  a  FOM  of  0.8°  at  400  nm. 
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FIG.  2.  Figure  of  merit  and  Ms  vs  composition  for  various  Nd!  _  ,FeA.  alloys. 
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FIG.  3.  Figure  of  merit  and  Ms  vs  composition  for  various  Ndj  _  cCoA.  alloys. 

The  FOM  and  room  temperature  Ms  for  NdFe  alloys  are 
graphed  as  a  function  of  Fe  concentration  in  Fig.  2  and  for 
NdCo  alloys  as  a  function  of  Co  concentration  in  Fig.  3.  The 
FOM  for  all  NdFe  and  NdCo  alloys  are  generally  smaller  4 
than  that  of  Tb0il9Fe0<41Co0i40  at  essentially  all  wavelengths, 
although  at  wavelengths  below  550  nm  there  are  NdFe  and 
NdCo  compositions  with  FOMs  larger  than  the  standard  MO 
media  alloy  of  TbFeCoTa.  The  FOM  and  room  temperature 
magnetization  for  NdFe  are  directly  correlated  and  are  maxi¬ 
mized  for  Fe  concentrations  slightly  less  than  80%.  The 
FOM  and  room  temperature  magnetization  for  NdCo  alloys 
both  increase  with  increasing  Co  concentration.  The  Curie 
points  of  Ndo.i4Fe0.56  and  Nd0.36C°o.64  are  only  slightly 
above  room  temperature,  resulting  in  small  FOMs. 

FOMs  significantly  larger  than  those  of  TbFeCo  can  be 
obtained  with  NdFeCo  alloys.  The  FOMs  versus  wavelength 
for  Nd02(FeCo)08  alloys  are  shown  in  Fig.  4,  and  for 
Nd(Fe0  5Co0.5)  alloys  are  shown  in  Fig.  5.  As  before,  room 
temperature  magnetization  is  found  to  be  directly  correlated 
with  FOM.  The  FOM  for  some  of  these  alloys  is  larger  at  all 


FIG.  4.  Figure  of  merit  vs  wavelength  for  various  NdFeCo  alloys. 
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FIG.  5.  Figure  of  merit  vs  wavelength  for  various  NdFeCo  alloys. 


visible  wavelengths  than  that  of  the  best  TbFeCo  alloy.  At 
515  nm  the  largest  FOM  for  a  NdFeCo  alloy  is  1.5°,  com¬ 
pared  to  1.25°  for  TbFeCo.  Alloys  with  20%  Nd  exhibit  a 
peak  in  the  FOM  for  an  Fe/Co  ratio  of  about  2.  Alloys  with 
Fe/Co^l  show  a  monotonic  decrease  in  FOM  with  increas¬ 
ing  Nd  concentration. 

Using  the  measured  indices  of  refraction  for  TbFeCoTa, 
a  substrate-incident  thin  film  stack  optimized  for  maximum 
effective  Kerr  rotation  at  515  nm  was  designed  and  depos¬ 
ited.  It  had  a  total  reflectance  of  26%  (including  the  4%  front 
surface  reflectance  of  the  glass  substrate)  and  an  effective 
Kerr  rotation  of  0.75°.  The  disparity  from  the  predicted  value 
of  1.04°  in  Fig.  2  is  due  to  three  factors.  The  FOM  in  Fig.  2 
is  calculated  for  a  20%  inside  surface  reflectance,  but  for  this 
sample  the  inside  surface  reflectance  is  actually  24%,  which 
accounts  for  a  reduction  in  the  FOM  of  0.87  according  to  Eq. 
(1).  Absorption  losses  in  the  AlCr  reflector  account  for  a 
reduction  of  0.90  and  in  the  dielectric  of  0.91  as  determined 
by  computer  modeling. 

Two  additional  samples  were  deposited  using  the  same 
thin  film  stack  design,  but  in  which  the  center  100  A  of 
TbFeCoTa  was  replaced  by  Nd0  23Fe0  54Co0  23  in  one  case, 
with  a  FOM  of  1.36°  at  515  nm,  and  Nd0 15Fea46Co0.39  in  the 
other  case  with  a  FOM  of  1.47°.  The  first  sample  had  a 
measured  total  reflectance  of  26%  and  an  effective  Kerr  ro¬ 
tation  of  0.80°  at  515  nm.  The  FOM  for  this  trilayer  stack 
can  be  no  larger  than  the  simple  average  of  the  FOMs  of  the 
two  alloys,  or  1.2°  for  a  20%  reflectance  stack.  This  is  7% 
larger  than  the  measured  value  after  including  the  previously 
discussed  correction  factors.  The  second  sample  had  a  mea¬ 
sured  total  reflectance  of  24%  and  effective  Kerr  rotation  of 
0.94°  at  515  nm.  In  this  case,  the  expected  FOM  average  at 
20%  reflectance  is  1.26°.  The  reflectance  correction  factor  is 
0.94,  so  the  measured  value  is  only  3%  smaller  than  the 
expected  value. 

CONCLUSION 

TbFeCo  has  proven  over  the  years  to  be  an  excellent  MO 
material  for  optical  recording,  and  it  will  require  strong  in¬ 


centives  to  incorporate  new  materials  into  future  MO  thin 
film  stacks.  Although  it  has  been  suspected  that  TbFeCo  is 
not  capable  of  providing  the  MO  signal  required  at  shorter 
wavelengths,  the  FOM  results  demonstrate  that  at  400  nm  a 
fully  optimized  thin  film  stack,  using  the  standard  TbFeCoTa 
composition,  with  20%  reflectance  will  have  an  adequate 
Kerr  rotation  of  0.8°.  Even  with  a  nonideal  absorbing  dielec¬ 
tric  and  reflector,  a  thin  film  stack  with  0.75°  effective  Ken- 
rotation  and  24%  reflectance  at  515  nm  has  been  made.  From 
a  MO  signal  standpoint,  TbFeCo  should  be  adequate  for  any 
future  visible  wavelength  MO  media. 

Nevertheless,  an  appropriate  choice  of  NdFeCo  alloy 
will  indeed  enhance  the  MO  signal  for  an  optimized  film 
stack  at  all  visible  and  near-IR  wavelengths  over  that  obtain¬ 
able  with  the  standard  TbFeCo  composition.  The  main  draw¬ 
back  with  NdFeCo  is  that  its  magnetic  properties  (anisotropy, 
coercivity)  by  itself  are  not  suitable  for  MO  media,  and 
therefore  it  must  be  laminated  with  TbFeCo  in  order  to  ob¬ 
tain  a  suitable  thin  film  stack.  Lamination  not  only  increases 
the  complexity  of  the  manufacturing  process,  but  also  sig¬ 
nificantly  reduces  the  enhancement  effect.  In  particular,  an 
optimized  MO  trilayer  stack  at  515  nm  would  exhibit  an  MO 
signal  increase  of  only  1.5  dB  over  that  of  an  optimized 
TbFeCo  film  stack. 
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Effect  of  sputtering  condition  on  dynamic  characteristics 

and  microstructures  of  magneto-optical  5.25  in.  SiN/TbFeCo/SiN/AI  disks 

for  532  nm  recording  media 

M.  D.  Ro,  B.  I.  Cho,  M.  J.  Kim,  S.  S.  Kim,  Y.  M.  Ahn,  K.  G.  Lee,  and  B.  L.  Gill 
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Suwon  440-600,  Korea 

A  systematic  study  of  the  effect  of  sputtering  conditions,  for  each  layer  of  the  magneto-optical  SiN 
500  A/TbFeCo  200  A/SiN  200  A/Al  600  A  disks,  such  as  power  and  Ar  gas  flow  rate  on  the  noise 
levels  (NL)  and  carrier-to-noise  ratio  (CNR)  was  performed  for  the  532  nm  high  density  storage 
media  in  this  work.  The  NL  dropped  to  its  minimum  value  of  -71.3  dB  as  the  sputtering  power  for 
the  first  SiN  increased  from  0.5  to  1.5  kW.  With  a  further  increase  in  sputtering  power  to  2.5  kW, 
it  sharply  increased  to  -64.5  dB.  This  was  ascribed  to  the  smooth  and  dense  surface  of  the  first  layer 
at  1.5  kW,  as  was  observed  in  the  atomic  forces  microscopy  images.  The  spherical,  isotropic,  fine 
grains  with  a  diameter  of  about  0.2— 0.7  /im  at  1.5  kW  were  found,  while  the  longitudinal, 
directional  granular  features  with  a  length  of  2.5  /nm  were  seen  at  2.5  kW.  The  highest  CNR  of  46.3 
dB  was  observed  at  0.6  kW  with  a  constant  sputtering  Ar  gas  flow  rate  of  25  seem  for  the 
magneto-optical  layer.  The  sputtering  conditions  for  other  layers  are  as  follows:  1.5  kW  with  sputter 
Ar/N2  gas  flow  rate  of  30  sccm/11  seem  for  the  first  and  third  SiN  layer,  and  0.6  kW  with  25  seem 
of  Ar  for  the  A1  reflection  layer.  This  is  due  to  the  smooth  surface  morphologies  of  the 
magneto-optical  layer  at  this  optimum  sputtering  pressure,  as  previously  reported  in  similar 
research.  To  obtain  a  high  readout  signal,  the  phase  compensation  for  the  elliptic  laser  beam  has 
been  considered.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)11008-X] 


I.  INTRODUCTION 

Transition-metal-rich  Tb-Fe-Co  amorphous  thin  film 
alloys  have  received  considerable  attention  from  technologi¬ 
cal  and  scientific  points  of  view  for  the  following  reasons: 
(1)  the  high  perpendicular  magnetic  anisotropy  and  high  co- 
ercivity  make  it  possible  to  greatly  enhance  areal  storage 
density,1  compared  to  that  of  the  longitudinal  magnetic  re¬ 
cording  media;  (2)  the  strong  magneto-optical  response  pro¬ 
duces  good  dynamic  characteristics  such  as  high  carrier  lev¬ 
els.  Recently,  a  comparably  increased  information  storage 
capacity  of  the  magnetic  recording  media  due  to  persistent 
research  and  development  motivated  the  use  of  short  wave¬ 
length  lasers  for  writing  and  reading  in  the  magneto- optical 
media.2-4  However,  the  readout  carrier-to-noise  ratio  (CNR) 
is  known  to  decrease  due  to  a  deteriorated  Kerr  rotation 
angle  at  the  short  wavelengths.  It  has  been  reported  that  the 
static  magnetic  properties  of  Tb-Fe-Co  thin  films  are  influ¬ 
enced  to  a  large  extent  by  the  sputtering  parameters  of  the 
magneto-optical  layer.5,6  To  further  explore  this  possibility 
and  increase  the  CNR,  extensive  and  systematic  research  to 
correlate  main  sputtering  parameters  (power  and  gas  flow 
rate)  for  the  SiN,  TbFeCo,  A1  layers  with  dynamic  character¬ 
istics  [C.L.  noise  level  (NL),  CNR]  of  5.25  in.  SiN  500 
A/TbFeCo  200  A/SiN  200  A/A1600  A  disks  for  the  high 
density  media  using  a  green  laser  (wavelength,  A =532  nm) 
was  conducted  in  this  work.  This  study  was  partially  focused 
on  reducing  the  NL  for  the  maximum  CNR  by  determining 
optimal  sputtering  conditions  through  investigating  the  rela¬ 
tionships  between  morphology  of  the  first  SiN  film  and  the 
NL.  The  film  structure  and  surface  mophology  were  exam¬ 
ined  by  transmission  electron  microscopy  and  atomic  force 
microscopy,  respectively.  The  dynamic  characteristics  of  the 


magneto-optical  disks  using  glass  substrates  with  a  narrow 
track  pitch  of  1.0  /im  were  measured  by  an  optical  pickup 
system  which  was  made  by  the  authors'  institution.7 

II.  EXPERIMENT 

The  thin  film  layers  consisting  of  the  magneto-optical 
5.25  in.  SiN  500  A/TbFeCo  200  A/SiN  200A/A1  600  A  disk 
were  magnetron  rf-dc  sputter  side  deposited  onto  the  pre¬ 
grooved  photopolymer  (2P)  glass  substrates  with  a  narrow 
track  pitch  of  1.0  ^m  using  a  continuous  in-line  sputtering 
system  (model — Balzers  SDS-130).  The  magneto-optical  and 
reflection  films  were  sputtered  from  hot  isostatic  pressed 
Tb20.7Fe71Co8  3  alloy  and  A1  targets  with  a  diameter  of  8  in. 
The  chemical  composition  of  the  magneto-optical  films  was 
analyzed  with  an  inductively  coupled  plasma  (ICP)  and  was 
almost  the  same  as  that  of  target.  A  good  uniformity  of  both 
thin  film  layer  thickness  and  magneto- optical  properties  in 
disks  was  confirmed.  For  the  dielectric  and  antioxidation  SiN 
films,  an  elemental  Si  target  was  reactively  sputtered  with  N2 
gas  mixed  with  Ar  gas.  Sputtering  for  the  first  SiN  layer  was 
carried  out  at  the  different  powers.  For  morphological  study, 
the  first  SiN  films  with  a  thickness  of  500  A  were  deposited 
on  the  rock  salt  for  a  transmission  electron  microscopy 
(TEM)  operating  at  300  kV,  and  were  deposited  on  a  Si 
wafer  for  a  contact-type  atomic  force  microscopy  (AFM) 
with  a  4  /Jb m  piezo  cantilever.  The  AFM  was  also  used  for 
measuring  film  thickness.  The  Kerr  rotation  angle  and  coer- 
civity  of  the  four  layered  films  were  measured  at  532  nm  at 
the  room  temperature  with  a  Kerr  spectrometer.  The  reflec¬ 
tivity  was  measured  with  an  UV-VIS  scanning  spectropho¬ 
tometer  (model  UV-2101PC).  The  dynamic  characteristics 
were  measured  at  the  following  conditions:  constant  angular 
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sputtering  power  (kW) 

FIG.  1.  Noise  level  of  the  magneto-optical  5.25  in.  SiN  500  A/TbFeCo  200 
A/SiN  200  A/Al  600  A  disks  as  a  function  of  sputtering  power  for  the  first 
SiN  thin  film  layer. 

velocity — 1800  rpm,  frequency — 6.27  MHz,  writing  power 
^4.5  mW,  reading  power — 1.2  mW,  erasing  power — 5.0 
mW,  and  duty — 37.5%.  For  the  high  information  storage 
density,  the  mark  edge  recording  method  has  been  adopted. 

III.  RESULTS  AND  DISCUSSION 

The  NL  of  the  magneto-optical  5.25  in.  SiN  500 
A/TbFeCo  200  A/SiN  200  A/Al  600  A  disks  was  measured 
as  a  function  of  sputtering  power  for  the  first  SiN  thin  film 
layer  and  is  plotted  in  Fig.  1.  Sputtering  conditions  for  the 
SiN,  TbFeCo,  and  A1  layers  are  shown  in  Table  I.  Experi¬ 
mental  results  show  that  variation  in  the  sputtering  power 
resulted  in  a  significant  change  in  the  NL,  as  similarly  sug¬ 
gested  in  previous  investigations.8,9  The  NL  decreased  to  its 
minimum  value  of  -71.3  dB  as  the  sputtering  power  in¬ 
creased  from  0.5  to  1.5  kW.  With  a  further  increase  in  sput¬ 
tering  power  to  2.5  kW,  it  sharply  increased  to  -64.5  dB. 
Transmission  electron  microscopy  (TEM)  diffraction  pat¬ 
terns  confirmed  the  typical  amorphous  structures  of  the  first 
SiN  film  as  shown  in  Fig.  2(a)  for  1.5  kW  and  Fig.  2(c)  for 

2.5  kW,  respectively.  No  big  difference  in  TEM  bright  field 
images  [Figs.  2(b)  and  2(d)]  was  observed  at  two  different 
sputtering  powers.  Considering  an  important  effect  of  the 
sputtering  power  on  atomic  arrangements  in  the  SiN  film 
surface,  a  further  examination  of  film  surface  morphology 
was  conducted  with  a  contact-type  AFM.  The  experimental 
results  showed  that  the  surface  consists  of  spherical,  isotro¬ 
pic,  fine  grains  with  a  diameter  of  —0.7  jum  when  the  film 
with  a  thickness  of  500  A  [Fig.  3(a)]  was  sputter  deposited  at 

1.5  kW.  As  the  film  thickness  increased  to  2700  A  at  the 


TABLE  I.  Sputtering  conditions  for  the  third  SiN,  TbFeCo,  and  A1  film 
layers  with  variation  in  sputtering  power  for  the  first  SiN  layer. 


Layer 

Sputtering  power 
(kW) 

Ar  gas  flow  rate 
(seem) 

First  SiN 

0.5-2.5 

TbFeCo 

0.6 

25 

Third  SiN 

1.5 

Al 

0.6 

25 
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FIG.  2.  TEM  diffraction  patterns  and  bright  field  images  of  the  as-deposited 
SiN  films  at  different  sputtering  powers:  (a),  (b)  1.5  kW  and  (c),  (d)  2.5  kW, 
respectively. 


same  power  level,  the  structures  became  dense  with  fine 
grains  with  a  diameter  of  —0.2  /urn  as  shown  in  [Fig.  3(b)]. 
At  2.5  kW,  however,  the  longitudinal,  directional,  granular 
features  with  a  length  of  2.5  (im  were  observed  for  both  500- 
and  2500-A-thick  films  [Figs.  3(c)  and  3(d),  respectively]. 
Therefore,  it  appeared  that  the  desirable  lowest  NL  at  1.5  kW 
was  ascribed  to  the  relatively  dense  and  smooth  surface  mor¬ 
phologies  of  the  first  SiN  film  layer,  compared  to  those  at  2.5 
kW.  In  the  second  set  of  experiments,  the  dynamic  charac¬ 
teristics  such  as  CL,  NL,  and  CNR  were  measured  as  a  func¬ 
tion  of  sputtering  power  for  the  Tb2o.7Fe71Co8  3  film  at  a 
constant  sputtering  Ar  gas  flow  rate  of  25  seem  [Fig.  4].  The 
sputtering  conditions  for  the  first  and  third  SiN  layer  and  A1 
layer  are  listed  in  Table  II.  At  0.6  kW,  the  maximum  CL 
(—22.2  dB)  and  minimum  NL  (—68.5  dB)  resulted  in  the 
highest  CNR  of  46.3  dB.  Figure  5  also  shows  the  dynamic 
characteristics  of  disks  as  a  function  of  Ar  gas  flow  rate  for 
the  magneto-optical  layer  at  0.6  kW.  The  same  sputtering 
conditions  as  in  the  above  experiment  were  used  for  the  first 
and  third  SiN,  and  A1  reflection  layers.  As  the  Ar  gas  flow 
rate  increased  from  15  to  25  seem,  the  noise  level  greatly 


FIG.  3.  AFM  surface  morphologies  of  the  as-deposited  first  SiN  films  with 
variation  in  sputtering  power  and  film  thickness:  (a)  1.5  kW,  500  A,  (b)  1.5 
kW,  2700  A,  (c)  2.5  kW,  500  A,  and  (d)  2.5  kW,  2500  A. 
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FIG.  4.  Dependence  of  CL,  NL,  and  CNR  on  the  sputtering  power  for 
magneto-optical  TbFeCo  film  in  SiN  500  A/TbFeCo  200  A/SiN  200  A/Al 
600  A  disks  at  a  constant  sputtering  Ar  gas  flow  rate  of  25  seem.  Sputtering 
powers  for  the  first  and  third  SiN  layer  were  fixed  at  1.5  kW  with  sputter 
Ar/N2  gas  flow  rate  of  30  sccm/11  seem,  and  for  A1  layer  at  0.6  kW  with  25 
seem,  respectively. 


improved  from  —65.5  dB  to  the  lowest  value  of  68.5  dB. 
This  seems  to  be  attributed  to  the  previous  experimental  re¬ 
sults:  The  film  surface  morphologies  of  the  magneto-optical 
layers  were  smooth  and  featureless  at  an  optimum  sputtering 
pressure  for  the  high  CNR.  However,  they  were  rough  at  the 
high  pressure  because  the  film  contained  microvoid¬ 
surrounding  amorphous  structures.5,6  So  far  the  optimum 
sputtering  conditions  for  the  maximum  CNR  such  as  power 
levels  and  gas  flow  rates  for  the  first  dielectric,  the  third 
antioxidation  SiN  film  layers,  and  the  Tb2o.7Fe7iC°8.3  film 
have  been  determined  experimentally.  Based  on  these  results, 
the  effect  of  the  A1  sputtering  conditions  on  CNR  of  the 
magneto-optical  disks  was  investigated.  The  data  revealed 
that  the  highest  CNR  of  46.3  dB  (=CL  -22.2  dB,  NL  -68.5 
dB)  was  observed  at  0.6  kW  with  25  seem.  The  influence  of 
the  sputtering  conditions  for  the  Al  layer  on  the  CNR  was 
little,  compared  to  that  of  the  sputtering  conditions  for  the 
SiN  layers  and  magneto-optical  layers.  The  static  magneto- 


TABLE  II.  Sputtering  conditions  for  the  first  and  third  SiN  and  A1  film 
layers  with  variation  in  sputtering  power  for  the  TbFeCo  layer. 


Layer 

Sputtering  power 
(kW) 

Ar  gas  flow  rate 
(seem) 

First  SiN 

1.5 

TbFeCo 

CO 

o 

1 

xt- 

O 

25 

Third  SiN 

1.5 

Al 

0.6 

25 

FIG.  5.  Dependence  of  CL,  NL,  and  CNR  on  the  Ar  gas  flow  rate°  for 
magneto-optical  TbFeCo  film  in  SiN  500  A/TbFeCo  200  A/SiN  200  A/Al 
600  A  disks  at  fixed  0.6  kW.  Sputtering  conditions  for  the  first  and  third  SiN 
and  A1  layer  are  as  same  as  above  in  Fig.  4. 

optical  properties  of  the  four  layered  SiN/TbFeCo/SiN/Al 
deposited  on  the  Coming  glass  under  these  sputtering  condi¬ 
tions  were  measured  at  532  nm  by  the  Kerr  spectrometer  and 
are  as  follows:  coercivity— 7.63kOe;  Kerr  rotation  angle— 
0.913°,  ellipticity — 0.407°,  reflectivity — 16°-38%. 

IV.  CONCLUSIONS 

Based  on  the  experimental  results  and  discussion,  it  has 
been  concluded  that  the  dynamic  characteristics  measured  at 
a  green  laser  (A=532  nm)  of  the  5.25-in.-diam  TbFeCo 
magneto-optical  disks  are  substantially  influenced  by  the 
sputtering  parameters.  Especially,  the  lowest  NL  resulting  in 
a  CNR  as  high  as  46.3  dB  is  attributed  to  the  isotropic,  fine, 
spherical  grains  in  the  first  SiN  film  deposited  at  1.5  kW  as 
evidenced  from  the  surface  morphologies  of  the  AFM.  The 
CNR  was  affected  by  the  sputtering  power  and  Ar  gas  flow 
rate  for  the  magneto-optical  layer,  but  it  was  little  dependent 
on  the  sputtering  power  for  the  reflection  A1  layer. 
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Recently,  new  mechanisms  have  been  proposed  to  explain  the  giant  enhancements  of  M-0  Kerr 
effect.1  In  this  work,  we  use  magnetic  image  effect  to  explain  the  Kerr  angle  enhancement  of  M-0 
media  on  Co-base  amorphous  films.  The  M-0  layer  and  reflection  layer  were  produced  by  using 
conventional  dc  magnetron  sputtering  processes.  The  Kerr  hysteresis  loops  of  M-0  films  were 
measured  with  wavelength  from  500  to  860  nm,  and  the  peak  applied  field  was  9  kOe.  We  have 
studied  the  enhancements  of  Kerr  angle  in  TbFeCo  amorphous  film  which  sandwiched  by  AIN 
layers  and  backed  with  Co-base  amorphous  film.  There  is  a  remarkable  increase  of  Kerr  angle  with 
value  1.85°  at  wavelength  640  nm.  At  wavelength  780  nm,  the  Kerr  angle  of  magneto-optic  medium 
on  Co-base  amorphous  ribbon  has  been  significantly  enhanced  by  a  factor  of  3.1  as  compared  to  that 
on  A1  foil.  Because  of  its  high  permeability  and  low  coercivity,  the  Co-base  amorphous  film  serve 
as  a  magnetic  shielding  material  which  can  induce  the  magnetic  image  effect  for  M-0  film. 
Theoretical  calculations  show  that  the  Kerr  angle  can  be  enhanced  by  the  image  magnetic  field.  The 
calculated  values  of  Kerr  angle  are  in  good  agreement  with  experiment  results.  An  explicit  equation 
to  calculate  the  Kerr  angle  will  be  discussed.  ©  1996  American  Institute  of  Physics . 
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A  dynamic  study  of  domain  formation  mechanism  during  thermomagnetic 
recording  based  on  micro-Hall  effect  measurements 

Yung-Chieh  Hsieh,  S.  N.  Gadetsky,  and  M.  Mansuripur 

Optical  Sciences  Center,  University  of  Arizona,  Tucson,  Arizona  85721 

M.  Takahashi 

Central  Research  Laboratory,  Hitachi  Ltd,  Kokubunji,  Tokyo  185,  Japan 

A  method  for  analyzing  the  dynamics  of  domain  formation  during  the  thermomagnetic  recording 
process  has  been  developed  based  on  the  extraordinary  Hall  effect.1,2  A  magnetic  domain  is  written 
at  the  center  of  a  cross-shaped  magneto-optical  sample  having  an  area  of  5X5  pm2,  and  the  Hall 
voltage  is  monitored  during  the  recording  process.  As  far  as  domain  nucleation  is  concerned,  we  find 
that  the  temperature  gradient  around  the  transition  region  (i.e.,  the  region  whose  temperature  is 
between  the  critical  temperature  for  magnetization  reversal  and  the  Curie  point)  is  very  important. 

Under  the  conditions  of  high  power  and  short  pulse- width  laser,  a  domain  can  form  only  during  the 
cooling  period.  However,  it  is  possible  for  a  domain  to  form  during  the  heating  cycle  under  a  low 
power,  long  pulse  laser  beam.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)06108-l] 


I.  INTRODUCTION 


II.  EXPERIMENTAL  SETUP 


In  thermomagnetic  recording,  a  focused  laser  beam  cre¬ 
ates  a  hot  spot  in  a  thin  magnetic  film,  thus  allowing  an 
external  magnetic  field  to  reverse  the  direction  of  local  mag¬ 
netization.  This  is  a  very  complex  dynamic  phenomenon  in¬ 
volving  the  nucleation  of  one  or  more  domains,  followed  by 
domain  expansion  and/or  contraction.3  The  details  of  this 
process  depend  on  the  recording  conditions  and  the  compo¬ 
sition  of  the  recording  material.  To  enhance  recording  den¬ 
sity,  one  must  write  domains  as  small  as  possible  under  the 
constraint  of  an  acceptable  signal-to-noise  ratio  in  readout. 
To  achieve  this  goal,  one  may  reduce  the  laser  wavelength 
and  increase  the  numerical  aperture  of  the  objective  lens  in 
order  to  attain  a  small,  diffraction-limited  focused  spot.  Al¬ 
ternatively,  one  might  strive  to  develop  a  technique  that  al¬ 
lows  the  writing  of  small  domains  even  when  the  focused 
light  spot  is  not  as  small.  In  the  latter  case,  the  mechanism  of 
domain  formation  will  have  to  be  better  understood,  and  the 
most  suitable  combination  of  material  properties  and  record¬ 
ing  conditions  must  be  adopted.  For  example,  we  have  ob¬ 
served  that  under  certain  conditions  the  newly  formed  do¬ 
mains  shrink  during  the  cooling  cycle.  In  such  cases,  the 
small  size  of  the  final  domain  might  be  misleading,  since  it 
may  have  damaged  an  adjacent  domain  while  it  was  being 
recorded.  Because  the  existing  “static”  methods  of  domain 
observation  and  measurement  monitor  only  the  final  state  of 
a  recorded  domain,  they  are  incapable  of  providing  insight 
into  problems  that  are  of  a  “dynamic”  nature.  On  the  other 
hand,  dynamic  measurement  techniques,  such  as  the  one  de¬ 
scribed  in  this  article,  are  quite  attractive  since  they  enable 
the  sensing  and  monitoring  of  a  domain  while  it  is  being 
written. 

In  this  article,  we  describe  a  micro-Hall  effect  measure¬ 
ment  scheme  for  the  study  of  domain  formation  mechanism. 
The  Hall  voltage  is  proportional  to  the  instantaneous  average 
magnetic  moment  within  the  measured  area  of  the  sample. 
By  monitoring  the  Hall  signal  during  thermomagnetic  re¬ 
cording,  we  observe  the  process  of  domain  formation  in  real 
time. 


A  schematic  diagram  of  the  experimental  setup  is  shown 
in  Fig.  1(a).  The  laser  beam  is  focused  at  the  center  of  the 
magneto-optical  (MO)  sample,  and  a  perpendicular  magnetic 
field  is  applied  by  a  small  coil  having  a  diameter  of  2  mm. 
The  maximum  available  field  is  750  Oe,  which  corresponds 
to  a  current  of  2.5  A  through  the  coil.  In  order  to  monitor  the 
variations  of  Hall  voltage  caused  by  the  formation  of  a  single 
domain,  a  cross-shaped  sample,  shown  in  Fig.  1(b),  was  pre¬ 
pared.  The  central  part  of  the  cross,  which  has  an  area  of 
5X5  yarn2,  is  made  of  TbFeCo  film.  Two  different  magnetic 
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FIG.  1.  (a)  Schematic  diagram  showing  the  experimental  setup  for  micro- 
Hall  effect  measurements,  (b)  Cross-shaped  sample  used  in  the  experiments, 
(c)  Temporal  relationship  among  the  magnetic  field  pulse,  the  Hall  current 
pulse,  and  the  laser  pulse. 
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FIG.  2.  Hall  signals  for  a  Fe-rich  sample  obtained  in  several  kinds  of  mea¬ 
surements  with  a  laser  pulse  having  P  =  8  MW  and  7=200  ns.  (a)  In  the 
presence  of  a  +750  Oe  field  along  the  direction  of  initial  magnetization,  no 
domain  is  being  formed,  (b)  Domain-writing  signal  in  the  presence  of  a 
-300  Oe  field,  (c)  Domain-rewriting  signal  under  H  =—300  Oe.  (d)  The 
difference  between  signals  shown  in  (a)  and  (b),  containing  information 
about  magnetization  reversal,  (e)  The  difference  between  signals  shown  in 
(a)  and  (c). 


films  were  used  in  our  studies.  Sample  1  had  a  thickness  of 
£=25  nm,  coercivity  Hc^ 25  kOe  at  room  temperature,  and 
Curie  and  compensation  point  temperatures  of  Tc= 230  °C 
and  Tcomp=- 50  °C,  respectively.  Sample  2  had  £=100  nm, 
Tc= 260  °C,  rcomp=190  °C,  and  Hc= 5  kOe.  The  results  pre¬ 
sented  in  Secs.  Ill  A  and  III  B  were  obtained  using  sample  1, 
while  those  in  Sec.  Ill  C  correspond  to  sample  2.  In  both 
samples,  the  magnetic  film  was  sandwiched  between  a  75  nm 
thick  SiN  underlayer  and  a  200  nm  thick  SiN  overlayer.  The 
four  aluminum  electrodes,  having  a  thickness  of  300  nm 
each,  were  connected  to  the  four  sides  of  the  MO  film.  The 
Hall  signal  was  measured  using  the  four-point  probe  method. 
The  magnitudes  of  the  applied  magnetic  field  H ,  the  laser 
power  P,  and  the  laser  pulse  duration  T  were  all  adjustable. 
Temporal  relations  among  the  magnetic  field  pulse,  the  Hall 
current  pulse,  and  the  laser  current  pulse  are  shown  in  Fig. 
1(c).  The  Hall  current  pulse  has  been  delayed  by  800  juls  in 
order  to  avoid  perturbations  caused  by  the  induced  voltage 
from  the  magnetic  field  pulse. 

III.  RESULTS  AND  DISCUSSION 
A.  Recording  with  a  short  laser  pulse 

Here  the  laser  power  P  =  8  MW  and  its  pulse  width 
T=200  ns.  One  set  of  our  measurement  results  is  shown  in 
Fig.  2.  In  Fig.  2(a)  the  laser  pulse  is  turned  on,  but  no  domain 
is  being  formed.  For  this  measurement,  we  saturate  the  mag¬ 
netic  moment  of  the  sample  in  the  +Z  direction,  and  main¬ 
tain  a  +750  Oe  field  on  the  sample  in  order  to  prevent  do¬ 
main  formation  during  the  experiment.  The  vertical  dash 


lines  in  Fig.  2  show  the  duration  of  the  laser  pulse.  The  laser 
creates  a  time-dependent  temperature  profile  in  the  film.  We 
define  the  Curie  disk  as  the  region  where  at  any  given  instant 
of  time  the  temperature  is  higher  than  the  Curie  temperature. 
In  the  early  stages  of  heating,  the  radius  of  the  Curie  disk  is 
zero,  but  once  formed,  it  rapidly  increases  with  time.  The 
Hall  signal  drops  quickly  during  the  heating  cycle  because 
the  magnetization  decreases  with  the  rising  of  temperature. 
Once  the  laser  is  turned  off,  the  signal  gradually  returns  to  its 
original  level.  In  Fig.  2(b)  a  domain  is  being  written  in  the 
presence  of  a  —300  Oe  field.  The  signal  in  this  case  also 
decreases  when  the  laser  is  first  turned  on,  but  it  does  not 
return  to  the  original  level  since  a  domain  is  now  formed  in 
the  region  of  the  hot  spot.  The  voltage  difference  between  the 
initial  and  final  levels  is  proportional  to  the  size  of  the  writ¬ 
ten  domain.  Figure  2(c)  represents  the  case  of  domain  rewrit¬ 
ing.  Following  the  writing  of  a  domain,  we  turn  on  the  laser 
once  again  with  the  same  power  and  pulse  duration,  and 
without  changing  the  magnetic  field.  Observe  that  the  initial 
signal  level  in  Fig.  2(c)  is  the  same  as  the  final  level  in  Fig. 
2(b).  During  the  heating  period  the  signal  decreases,  but  it 
recovers  to  its  original  level  after  cooldown.  This  indicates 
that  the  size  of  the  domain  remains  the  same  after  rewriting. 

Variations  of  the  Hall  voltage  with  time  shown  in  Fig. 
2(b)  are  caused  both  by  the  variations  of  the  magnitude  of 
magnetization  due  to  the  temperature  change,  and  by  the 
formation  of  a  reverse  domain  after  a  certain  point  in  time. 
To  obtain  the  signal  caused  by  magnetization  reversal  alone, 
we  subtract  the  signal  in  Fig.  2(a)  from  that  in  Fig.  2(b)  and 
refer  to  the  difference,  shown  in  Fig.  2(d),  as  the  differential 
writing  signal.  This  differential  Hall  signal  indicates  that  the 
signal  arising  from  domain  formation  does  not  have  any  sig¬ 
nificant  value  until  after  the  laser  has  been  turned  off.  Under 
these  recording  conditions,  therefore,  domain  formation  must 
occur  during  the  cooling  period.  The  reason  for  this  behavior 
may  be  speculated  to  be  as  follows.  The  temperature  of  the 
region  in  which  the  domain  nucleates  should  be  greater  than 
some  critical  temperature,  Tcrit,  which  is  a  function  of  the 
strength  of  the  applied  magnetic  field  //,  and  is  lower  than 
the  Curie  temperature.  We  define  the  region  in  which  the 
temperature  is  higher  than  Tcrit  as  the  critical  disk.  By  defi¬ 
nition,  the  critical  disk  is  always  greater  than  the  Curie  disk. 
A  domain  can  form  only  in  the  annular  region  between  the 
Curie  disk  and  the  critical  disk.  If  the  temperature  gradient  is 
so  large  that  this  annular  region  is  narrower  than  the  width  of 
a  magnetic  domain  wall,  then  no  domains  can  form.  In  the 
cooling  process,  however,  temperature  gradients  are  on  the 
decline,  and  nucleation  should  occur  more  readily. 

Figure  2(e)  shows  the  difference  between  the  signals  in 
Figs.  2(a)  and  2(c).  Observe  that,  in  the  rewriting  process,  the 
signal  arising  from  the  reversed  domain  reaches  a  minimum 
and  then  returns  to  its  initial  value.  The  nonzero  value  of  the 
minimum  signal  in  this  case  indicates  that  a  certain  part  of 
the  domain  survives  during  the  heating  period. 

B.  Recording  with  a  long  laser  pulse 

The  pulse  width  T  used  in  this  case  was  1  /xs,  and  the 
applied  magnetic  field  H  was  -450  Oe.  Figures  3(a)-3(c) 
show  the  differential  writing  signals  during  recording  experi- 
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FIG.  3.  Differential  writing  Hall  signals  for  a  Fe-rich  sample  obtained  dur¬ 
ing  recording  with  a  T-\  fis  laser  pulse  and  in  the  presence  of  a  magnetic 
field  H=  -450  Oe.  (a)  P~  1  MW;  the  domain  is  formed  early  in  the  heating 
cycle,  (b)  P=2  MW;  the  domain  signal  during  the  heating  period  is  smaller 
than  that  in  (a)  due  to  the  higher  temperature  levels,  (c)  P-  5  MW;  the 
domain  no  longer  forms  during  the  heating  cycle,  (d)  P  = 5  MW,  but  the 
laser  is  slightly  out  of  focus.  In  the  first  300  ns,  no  region  of  the  MO  film 
reaches  Tcrit .  After  that,  the  critical  disk  is  formed  and  expands  rapidly. 

ments  corresponding  to  laser  power  levels  of  p=l,  2,  and  5 
MW,  respectively.  In  Fig.  3(a),  we  observe  that  a  domain 
forms  in  the  beginning  of  the  heating  period  and  that  it  con¬ 
tinues  to  grow  afterwards.  This  result  can  be  explained  as 
follows.  Because  of  the  low  level  of  laser  power  being  used, 
it  takes  the  magnetic  film  a  long  time  to  reach  the  Curie 
temperature.  But,  during  this  period,  heat  diffusion  broadens 
the  temperature  profile.  The  time  duration  in  which  the  Hall 
signal  increases  rapidly  corresponds  to  a  rapidly  expanding 
critical  disk.  In  Fig.  3(b)  essentially  the  same  phenomena 
occur,  but  the  signal  during  the  heating  cycle  is  smaller  than 
that  in  Fig.  3(a).  This  is  due  to  the  fact  that  the  magnetization 
decreases  with  a  rising  temperature.  In  Fig.  3(c),  the  domain 
differential  writing  signal  does  not  have  a  significant  value 
before  the  laser  is  turned  off.  This  is  similar  to  the  behavior 
described  in  Sec.  Ill  A  in  conjunction  with  a  short  laser 
pulse.  Note  in  Fig.  3  that  the  final  domain  size  is  increasing 
with  the  increase  of  the  laser  power.  Figure  3(d)  shows  the 
Hall  signal  during  writing  under  the  same  conditions  as  in 
Fig.  3(c)  except  for  a  slight  defocusing  of  the  laser  beam. 
This  figure  indicates  that  the  domain  has  formed  during  the 
heating  cycle.  The  reason  for  this  behavior  is  that,  as  a  result 
of  defocusing,  the  temperature  profile  has  broadened. 

C.  Domain  size  variations  during  the  cooling  period 

In  this  section,  the  Tb-rich  samples  are  measured.  As  in 
the  preceding  experiments,  the  saturated  state  of  the  magne¬ 
tization  is  along  the  +Z  direction.  Figure  4  shows  the  differ¬ 
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FIG.  4.  Differential  writing  (dark)  and  rewriting  (light)  signals  for  a  Tb-rich 
sample  in  the  presence  of  two  different  magnetic  fields,  (a)  With  #=+300 
Oe  the  domain  shrinks  somewhat  during  cooling,  (b)  With  #=+600  Oe,  the 
domaiii  does  not  shrink  during  writing,  but  expands  during  rewriting. 

ential  writing  and  rewriting  signals  for  two  different  mag¬ 
netic  fields  when  the  laser  pulse  width  7=530  ns  and  the 
laser  power  7=9.3  MW.  The  heavy  curves  show  the  differ¬ 
ential  writing  signals,  while  the  light  curves  are  the  differen¬ 
tial  rewriting  signals.  In  both  cases,  the  level  of  the  rewriting 
signal  immediately  after  heating  is  greater  than  its  initial 
level.  This  indicates  that  the  written  domain  expands  some¬ 
what  during  rewriting.  In  Fig.  4(a),  where  #=+300  Oe,  the 
writing  signal  slowly  decreases  after  reaching  a  maximum 
value.  The  fact  that  the  initial  level  of  the  rewriting  signal  is 
below  the  maximum  value  of  the  writing  signal  indicates  a 
shrinkage  of  the  recorded  domain  during  the  cooling  cycle. 
In  case  Fig.  4(b),  where  #=4-600  Oe,  the  domain  does  not 
shrink  significantly  during  the  cooling  phase  of  the  writing 
process.  This  is  due  to  the  presence  of  a  stronger  magnetic 
field  in  this  case  compared  to  Fig.  4(a).  The  strong  magnetic 
field  in  Fig.  4(b)  also  causes  the  domain  to  expand  during 
rewriting. 

IV.  CONCLUDING  REMARKS 

From  the  type  of  measurement  described  in  this  article, 
in  addition  to  the  above  information,  one  can  reconstruct  the 
temperature  profile  within  the  sample  by  employing  the 
known  dependence  of  magnetization  on  temperature.  This  is 
a  helpful  step  in  furthering  our  understanding  of  the  record¬ 
ing  mechanism.  We  will  concentrate  on  studying  the  mea¬ 
surements  of  the  thermal  constants  of  MO  media  in  the  fu¬ 
ture. 
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The  rate  of  domain  growth  in  magneto-optic  recording  media  (abstract) 
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The  magnetization  reversal  in  magneto-optic  media  occurs  in  general  by  a  process  of  nucleation 
followed  by  domain  growth.  The  rate  of  domain  growth  is  of  importance  in  thermomagnetic 
recording.  Under  steady  external  field  conditions,  a  slow  thermoactivated  domain  growth  is 
observed1  and  the  time  dependence  curves  M(t)  are  often  described1  using  a  theory  by  Fatuzzo.2 
The  Fatuzzo  theory  assumes  a  constant  rate  of  expansion  v  of  cylindrical  domains;  however,  it  does 
not  consider  the  dispersion  in  the  energy  barriers  or  the  formation  of  dendritic  domain  structures  that 
may  arise,  for  example,  from  the  spatial  and  temporal  variations  of  the  demagnetizing  field.  Monte 
Carlo  simulations  of  domain  growth  were  performed  using  a  model  that  considers  distinct  intrinsic 
energy  barriers  for  nucleation  and  wall  motion  and  incorporates  the  contribution  of  the 
demagnetizing  and  domain  wall  energy  in  the  computation  of  the  energy  barriers.  The  rate  of 
domain  expansion,  v  =  dRgldt ,  where  Rg  is  the  radius  of  gyration,  was  found  to  be  constant  during 
the  initial  stage  of  the  growth  process  but  decreases  for  large  Rg  as  a  result  of  the  reduction  in 
demagnetizing  strength.  Small  fluctuations  in  v  are  observed  arising  from  the  variation  of  the 
domain  shape  during  the  growth  process.  The  simulations  have  also  shown  that  the  dependence  on 
the  applied  field  is  exponential,  v  =  v0  exp (HIHf),  where  Hf  is  the  fluctuation  field,  in  good 
agreement  with  experiment.1,3,4  The  exponential  dependence  was  found  to  be  valid  even  in  the  case 
of  dendritic  domain  growth,  suggesting  that  the  Fatuzzo  theory  may  be  useful  in  the  description  of 
the  growth  of  domains  of  irregular  shape.  ©  1996  American  Institute  of  Physics . 
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Sensitivity  enhancement  of  Co/Pt  superlattices  through  underlayer 
composition  modification 
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Co/Pt  superlattice  films  for  magneto-optical  recording  have  a  relatively  high  Curie  temperature 
compared  to  rare  earth-transition  metal  films,  which  has  led  to  criticism  of  their  recording  sensitivity 
at  higher  disk  velocities.  We  have  prepared  high-performance  Co/Pt  disk  recording  media  using 
(In2O3)100_^(SnO2)x  (ITO)  as  the  underlayer.  We  have  observed  a  two-fold  increase  in  recording 
sensitivity  as  x  is  increased  from  0  to  75  mol  %  Sn02.  We  have  correlated  measured  sensitivity 
behavior  with  composition-induced  changes  in  the  microstructure  and  electrical  resistivity  in  the 
ITO  underlayer.  ITO  deposited  with  low  Sn02  content  exhibits  crystalline  microstructure  and  low 
electrical  resistivity,  whereas  ITO  deposited  with  high  Sn02  content  exhibits  amorphous 
microstructure  and  high  electrical  resistivity.  The  reduction  in  crystallinity  with  increasing  Sn02 
content  is  expected  to  decrease  the  ITO  thermal  conductivity,  which  can  explain  the  increase  in 
recording  sensitivity.  Small  changes  in  Co/Pt  coercivity  as  a  function  of  x  can  easily  be  compensated 
by  adjusting  the  ITO  sputtering  pressure.  The  optimum  combination  of  Co/Pt  sensitivity  and 
coercivity  can  be  readily  achieved  by  controlling  the  ITO  underlayer  composition  and  sputtering 
pressure.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)28308-5] 


I.  INTRODUCTION 

Co/Pt  multilayers  have  been  investigated  as  a  future  gen¬ 
eration  magneto-optical  (MO)  recording  media  using  blue 
lasers.  These  films  exhibit  large  perpendicular  anisotropy, 
which  depends  on  the  film  composition,  deposition  condi¬ 
tions,  quality  of  the  substrate  surface,  and  the  underlayer.1,2 
Recently,  we  have  shown  that  Co/Pt  media  with  high  perpen¬ 
dicular  anisotropy  and  high  coercivity  can  be  achieved 
through  microstructural  modification  of  the  underlayer.3  A 
smooth  (In2O3)100_^(SnO2);c  (ITO)  underlayer  deposited  at 
low  sputtering  pressure  results  in  high  squareness  and  anisot¬ 
ropy  of  the  multilayers.  These  multilayers  also  possess  a 
higher  Curie  temperature  than  the  rare  earth-transition  metal 
alloys,  resulting  in  low  recording  sensitivity  (i.e.,  requires 
high  write  power).  Higher  writing  sensitivity  is  desirable  for 
future  generation  disk  drives  to  permit  higher  rotation  speed 
for  reduced  access  time  and  faster  data  rate.  Also,  write/erase 
cyclability  depends  on  the  writing  threshold  power.  Efforts 
have  been  made  to  improve  the  writing  sensitivity  of  these 
Co/Pt  media  by  lowering  the  Curie  temperature  via  adjusting 
the  Co/Pt  ratio,  and  by  addition  of  an  element  in  the  Co  layer 
such  as  Ni  or  Re,  etc.4,5  However,  these  approaches  reduced 
the  Kerr  rotation  of  the  Co/Pt  multilayer.  We  enhanced  the 
sensitivity  of  the  Co/Pt  media  by  modifying  the  composition 
of  the  ITO  underlayer,  with  no  degradation  in  Kerr  rotation. 
In  this  article,  we  present  both  the  static  and  dynamic  perfor¬ 
mance  of  the  Co/Pt  multilayer  disks  using  ITO  underlayers 
of  varying  composition. 

II.  EXPERIMENT 

Co/Pt  multilayers  were  prepared  by  dc  magnetron  sput¬ 
tering  Co  and  Pt  targets  using  Kr  gas.  ITO  films  were  pre¬ 
pared  by  dc  sputtering  homogeneous  targets  of  ln203  and 
Sn02.  Targets  of  varying  amounts  of  ln203  and  Sn02  pre¬ 
pared  by  a  hot  press  method  were  used  to  obtain  films  of 


various  ITO  compositions.  The  deposition  pressure  for  the 
Co/Pt  superlattice  was  10  mT  Kr,  and  that  for  the  ITO  un¬ 
derlayer  was  5  mT  Ar+1%  02.  Structural  properties  of  ITO 
and  Co/Pt  films  were  measured  by  x-ray  diffraction.  The 
magnetic  and  magneto-optic  properties  were  measured  with 
a  vibrating  sample  magnetometer  and  a  polar  Ken*  loop 
tracer  using  a  780  nm  wavelength  laser.  An  UV-cured  lac¬ 
quer  protective  overcoat  of  5-10  pm  was  formed  by  a  spin 
coating  method  on  the  Co/Pt  multilayer  to  improve  the  me¬ 
chanical  durability  of  the  disk.  The  dynamic  measurements 
were  made  using  a  780  nm  wavelength  laser,  0.75  pm  mark 
length,  6.03  m/s  disk  velocity,  3.87  MHz  carrier  frequency, 
90  ns  pulse,  30  kHz  bandwidth,  300  Oe  bias  field,  0-10  mW 
write  power,  and  1. 5-2.0  mW  read  power.  This  mark  length 
and  carrier  frequency  correspond  to  standard  international 
standard  organization  (ISO)  test  conditions  for  first  genera¬ 
tion  130  mm  MO  media,  for  which  a  narrow  band  signal-to- 
noise  ratio  of  >45  dB  is  specified.  Optimum  recording 
power  (ORP)  was  obtained  using  3.5  pm  marks,  7  m/s  linear 
velocity,  1  MHz  carrier  frequency,  and  50%  duty  cycle. 


III.  RESULTS  AND  DISCUSSION 

The  crystallanity  of  the  ITO  films  was  analyzed  by  x-ray 
diffraction  and  found  to  vary  with  the  composition  of  the 
film.  Figure  1  shows  the  x-ray  diffraction  pattern  of  the  ITO 
films  as  a  function  of  Sn02  content.  The  ln203  film  is  found 
to  be  crystalline,  whereas  the  Sn02  film  is  amorphous.  ITO 
with  10%  Sn02  is  crystalline,  but  less  so  than  the  ln203  film. 
With  increasing  Sn02  content,  the  film  becomes  less  crystal¬ 
line  or  becomes  amorphouslike.  Finally,  ITO  films  with 
greater  than  50%  Sn02  are  completely  amorphous,  similar  to 
Sn02. 

It  is  known  that  the  coercivity  of  Co/Pt  films  depends  on 
the  type  of  underlayer.  Previously,  underlayers  of  poly- 
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FIG.  1.  X-ray  diffraction  pattern  of  (Sn02)r  films  deposited  us¬ 

ing  Ar+1%  02  gas.  All  films  were  deposited  on  glass  substrates  except 
ln203 ,  which  was  deposited  on  a  silicon  substrate. 


crystalline  materials,  such  as  ZnO  or  ln203 ,  were  found  to  be 
the  most  effective  in  enhancing  the  coercivity  (1).  The  tex¬ 
ture  and  epitaxial  growth  of  the  multilayer  film  was  im¬ 
proved.  We  recently  reported  that  amorphous  ITO  films  also 
enhance  the  coercivity,  anisotropy,  as  well  as  Kerr  loop 
squareness  of  the  Co/Pt  superlattice  structure.  This  enhance¬ 
ment  depends  on  the  deposition  conditions  of  the  ITO  under¬ 
layer.  The  coercivity  was  found  to  increase  monotonically 
with  increasing  pressure.  For  the  purpose  of  comparison  here 
we  sputter  deposited  all  the  ITO  compositions  at  a  fixed  pres¬ 
sure  of  5  mT  Ar+1%  02.  Twelve  bilayers  of  Co  4  A/Pt  8  A 
were  deposited  on  the  ITO  underlayers  deposited  on  the 
glass  substrate.  Figure  2  shows  the  variation  of  coercivity  as 
a  function  of  ITO  composition.  Coercivities  on  the  orders  of 
2400  Oe  were  obtained  for  the  ITO  films  with  10-50  % 
Sn02. 


ITO  composition  (Sn02  moI%) 

FIG.  2.  Variation  of  coercivity  of  the  Co/Pt  multilayer  as  a  function  of 
composition  of  the  ITO  underlayer. 
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FIG.  3.  Recording  power  dependence  of  carrier-to-noise  ratio  using  a  simple 
bilayer  structure  disk  with  ITO  underlayer  containing  30%  Sn02 .  The  re¬ 
cording  was  done  at  a  linear  velocity  of  5.66  m/s  and  mark  length  of  0.75 

fim. 

Full  structure  disks  were  prepared  by  depositing  12  bi¬ 
layers  of  Co  4  A/Pt  8  A  on  1000  A  ITO  underlayers  using 
polycarbonate  (PC)  and  glass  substrates.  PC  substrates  with 
pregrooves  of  1.6  fim  pitch  were  used  for  testing  recording 
properties.  All  the  disks  using  various  ITO  compositions  ex¬ 
hibited  similar  carrier  levels  as  well  as  Kerr  rotation,  but  they 
were  obviously  different  in  the  noise  level  and  the  writing 
sensitivity.  The  disks  with  crystalline  ln203  underlayer  were 
very  noisy,  whereas  the  disks  with  amorphous  underlayers 
showed  lower  noise.  The  lower  disk  noise  in  the  case  of 
amorphous  underlayers  is  attributed  to  their  finer  microstruc¬ 
ture  and  smoother  surface.  Figure  3  shows  the  dependence  of 
the  recording  performance  on  the  writing  laser  power  of  the 
disk  using  ITO  underlayer  with  30%  Sn02 .  It  shows  that  a 
CNR  of  greater  than  48  dB  is  obtained  for  a  0.75  fim  mark 
length,  exceeding  ISO  specifications.  Also,  it  is  noteworthy 
that  the  unwritten  and  written  noise  levels  are  as  low  as  those 
obtained  from  conventional  rare  earth-transition  metal  alloy 
disks,  such  as  TbFeCo.  Previously,  the  noise  in  the  Co/Pt 
disk  has  been  lowered  by  an  additional  step  of  sputter  etch¬ 
ing  the  substrate  surface.6,7 

Significant  differences  are  also  observed  in  the  writing 
sensitivity.  Figure  4  shows  the  optimum  recording  power  for 
these  disks  as  a  function  of  ITO  composition.  The  sensitivity 
of  the  disk  is  much  higher  for  the  high  Sn02  qontent  disk.  In 
fact  a  two-fold  increase  in  recording  sensitivity  is  observed 
as  Sn02  content  is  increased  from  0  to  75%.  This  behavior  is 
correlated  to  the  composition-induced  changes  in  the  micro¬ 
structure  and  thermal  conductivity  of  the  ITO  underlayer.  As 
noted  above,  ITO  deposited  with  low  Sn02  content  exhibits 
crystalline  microstructure  and  low  electrical  resistivity, 
whereas  ITO  deposited  with  high  Sn02  content  exhibits 
amorphous  microstructure  and  high  electrical  resistivity.  The 
change  in  resistivity  is  considerable,  e.g.,  0.017  ft  cm  to 
400  fl  cm  for  ITO  with  10%  Sn02  and  50%  Sn02,  respec¬ 
tively.  The  density  of  conduction  electrons  is  much  too  low, 
however,  to  make  any  significant  contribution  to  the  ITO 
thermal  conductivity.  Rather,  the  ITO  should  be  regarded  as 
an  electrical  insulator  whose  lattice  thermal  conductivity  de¬ 
pends  primarily  on  the  phonon  mean  free  path.  Increased 
phonon  scattering  due  to  irregular  crystal  structure  can  dra¬ 
matically  reduce  the  thermal  conductivity  coefficient.  For  ex- 
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FIG.  4.  Variation  of  the  optimum  recording  power  as  a  function  of  ITO 
composition  of  the  underlayer. 

ample,  the  random  network  of  silicon-oxygen  bonds  in  clear, 
fused  quartz  glass  leads  to  an  eight-fold  reduction  in  thermal 
conductivity  compared  to  crystalline  quartz  along  the  c  axis.8 
In  general,  the  thermal  conductivity  values  of  amorphous 
glasses  at  room  temperature  run  about  an  order  of  magnitude 
below  those  of  crystalline  insulators.  Although  detailed  ther¬ 
mal  modeling  has  not  been  carried  out,  we  note  that  the 
thickness  of  the  ITO  layer  is  substantially  greater  than  the 
thermal  diffusion  length  given  the  marking  time  employed  in 
our  experiment.  The  ITO  layer  thus  acts  as  a  “thermal  bar¬ 
rier”  between  the  MO  layer  and  the  substrate.  Thus,  we  con¬ 


clude  that  the  reduction  in  crystallinity  with  increasing  Sn02 
content  decreases  the  ITO  thermal  conductivity,  increasing 
its  effectiveness  as  a  thermal  barrier,  which  results  in  the 
increase  in  recording  sensitivity.  Acting  as  it  does  as  a 
“nucleation  layer,”  the  ITO  film  probably  influences  the  mi¬ 
crostructure  of  the  MO  layer  as  we  observed  in  our  previous 
studies.3  As  ITO  amorphizes  it  is  likely  that  the  microstruc¬ 
ture  changes  it  induces  in  the  MO  layer  alter  the  thermal  and 
electrical  conductivity  of  that  layer  as  well. 

IV.  CONCLUSIONS 

In  conclusion,  we  have  prepared  a  high  performance 
Co/Pt  multilayer  media  with  high  coercivity  and  high  sensi¬ 
tivity.  This  was  achieved  by  an  optimum  combination  of 
composition  and  microstructure  of  the  ITO  underlayer.  ITO 
films  with  higher  Sn02  content  are  amorphous  in  structure 
and  appear  to  have  lower  thermal  conductivity,  which  results 
in  lower  disk  noise  and  higher  recording  sensitivity. 
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Magnetic  circular  dichroism  (MCD)  in  core-level  absorption  provides  insights  into  the 
element-specific  and  site- selective  magnetic  states  of  various  magnetic  materials.  Fe7S8  and  Fe7Se8 
have  the  pseudo-NiAs-type  crystal  structure  and  are  ferrimagnetic  below  578  and  —450  K, 
respectively.  We  have  measured  MCD  spectra  in  the  Fe  2 p  (L23)  and  Fe  3 p  ( M2 >3)  core-level 
absorption  of  these  compounds.  The  L2  3  MCD  spectra  were  taken  at  —  80  K  with  the  total  electron 
yield  method.  The  M2  3  MCD  spectra  were  measured  at  room  temperature  with  the  reflection  method 
using  the  magnetic-field  modulation  technique.  Both  experiments  were  made  using  circularly 
polarized  undulator  radiation.  The  L2  3  MCD  spectra  were  found  to  exhibit  a  negative  peak  at  the  L3 
edge  with  a  maximum  intensity  of  — 10~2  and  a  weaker  positive  peak  at  the  L^  edge.  The  MCD 
spectrum  of  Fe7S8  showed  sideband  features  near  the  L3  edge.  Utilization  of  the  magnetic-field 
modulation  method  allowed  a  detection  of  small  MCD  signals  around  the  M2  3  edges;  the  maximum 
signal  intensity  was  of  the  order  of  —  3X10-3.  The  M2  3  MCD  spectrum  of  Fe7S8  showed  a  MCD 
signal  for  a  prethreshold  multiplet,  while  that  of  Fe7Se8  exhibited  no  appreciable  MCD  signal  for  a 
prethreshold  multiplet.  The  features  observed  in  the  MCD  and  M2  3  MCD  are  consistent  with  an 
electronic  band- structure  calculation  reported  recently.1  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)69508-4] 


1H.  Ikeda,  M.  Shirai,  N.  Suzuki,  and  K.  Motizuki,  J.  Magn.  Magn.  Mater. 
140-144,  159  (1995). 
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A  Co/Pt  multilayer  is  one  of  the  most  attractive  candidates  for  next-generation  high-density 
magneto-optical  recording  media.  With  a  decreasing  Co  layer  thickness,  the  direction  of  the  easy 
axis  of  magnetization  changes  from  in-plane  to  out-of-plane.  We  have  measured  core-level  MCD  of 
Co/Pt  multilayers.  Six  Co/Pt  multilayer  samples  were  prepared  which  had  Co  layer  thicknesses  from 
3  to  14  A.  The  MCD  experiments  were  made  using  circularly  polarized  undulator  radiation.  The 
spectra  were  taken  separately  for  the  energy  regions  around  the  Co  M2>3  (and  Pt  03)  and  Pt  N6  7  (and 
Pt  02)  edges.  The  dichroic  signals  in  reflectivity  were  recorded  for  two  opposite  directions  of  an 
external  magnetic  field  of  2  T.  We  have  also  measured  the  reflectivity  spectra  down  to  4  eV  and  have 
made  Kramers -Kronig  analyses  to  obtain  the  dielectric  tensor.  The  dielectric  tensor  element  which 
represents  absorption  MCD  shows  a  dramatic  change  at  the  Co  M2>3  edges.  The  MCD  spectra  of 
thinner  Co-layer  samples  are  more  asymmetric  than  those  of  thicker  ones.  This  shows  that  the 
orbital  magnetic  moment  of  Co  is  enhanced  as  the  Co  layer  thickness  decreases.  The  MCD  spectra 
become  sharper  and  narrower  with  a  decreasing  Co  layer  thickness.  This  feature  strongly  reflects  a 
band  narrowing  of  the  Co  3  d  state  at  or  around  the  Co/Pt  interfaces.  The  MCD  spectra  at  the  Pt  N6  7 
edges  show  little  dependence  on  the  Co  layer  thickness.  This  can  be  explained  by  assuming  that  Pt 
atoms  only  at  the  interfaces  are  responsible  for  the  MCD  signals,  since  the  surface  density  of  Pt 
atoms  is  equal  for  all  the  samples.  Combining  the  result  at  the  Co  M2  3  edges  with  that  at  the  Pt  N6  7 
edges  leads  to  the  conclusion  that  perpendicular  magnetic  anisotropy  mainly  depends  on  the 
electronic  structure  of  Co  at  Co/Pt  interfaces  and  that  Pt  atoms  at  the  interfaces  play  a  partial  role 
in  magnetic  anisotropy.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)69608-0] 


5708  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)75708/1  /$1 0.00 


©  1996  American  Institute  of  Physics 


Mossbauer  and  x-ray  diffraction  studies  of  the  phase  composition 
of  crystallized  NdxFe815_xB185  alloys  with  7^x^16  (abstract) 

Zhao-Hua  Cheng,  Bao-gen  Shen,  and  Jun-Xian  Zhang 

State  Key  Laboratory  of  Magnetism,  Institute  of  Physics,  Chinese  Academy  of  Sciences,  P.O.  Box  603, 

Beijing  100080,  People’s  Republic  of  China 

Ming-xi  Mao,  Ji-jun  Sun,  Fa-shen  Li,  and  Yi-de  Zhang 

Department  of  Physics,  Lanzhou  University,  People’s  Republic  of  China 

In  previous  work,  the  phase  composition  of  melt- spun  Nd-Fe-B  with  a  low  Nd  concentration  (X^6 
at.  %)  have  been  extensively  investigated  by  means  of  x-ray  diffraction,  spin  echo  nuclear  magnetic 
resonance,  and  Mossbauer  spectra.1  However,  the  phase  composition  of  melt-spun  Nd-Fe-B  with 
intermediate  and  high  Nd  concentration  has  not  been  studied  by  Mossbauer  effect.  Based  on  the 
knowledge  of  the  57Fe  hyperfine  parameters  for  Nd2Fe14B,  NduFe4B4  and  Nd2Fe23B3,  the  phases 
produced  during  annealing  Nd-Fe-B  amorphous  alloys  can  be  identified  with  greater  sensitivity  by 
Mossbauer  spectroscopy  than  by  x-ray  diffraction.  In  the  present  work,  a  combination  of  x-ray 
diffraction  experiments  and  Mossbauer  spectroscopy  has  been  performed  on  annealed 
NdxFe81 5B18  5  16).  It  is  found  that  the  samples  with  7^x^9  contain  Nd2Fe23B3  metastable 

phase  and  NduFe4B4  paramagnetic  phase.  The  body-centered-cubic  structure  of  Nd2Fe23B3  cannot 
generate  the  hard  magnetic  properties.  The  samples  with  12^^16  consist  of  Nd2Fe14B 
magnetically  hard  phase  and  NduFe4B4  paramagnetic  phase.  The  large  coercivity  for  the  high  Nd 
content  Nd-Fe-B  originates  from  the  very  fine  size  of  Nd2Fe14B  crystallites  below  the  critical  size 
of  single  domain  particle,  which  has  a  pinning  domain  wall  effect.  ©  1996  American  Institute  of 
Physics .  [S002 1-8979(96)69708-7] 
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Superexchange  interactions  in  Ni0.5Coo.5Fe204 
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Slowly  cooled  Ni0  5Co0>5Fe2O4  has  been  investigated  over  a  temperature  range  from  13  to  880  K 
using  the  Mossbauer  technique.  X-ray  diffraction  shows  that  it  has  an  inverse  spinel  structure  and 
a  lattice  constant  of  a=8.346±0.005  A.  The  Mossbauer  spectra  that  are  laid  less  overlapping  at  low 
temperature  have  been  fitted  with  two  sextets  in  the  ferrimagnetic  state.  The  iron  ions  at  both  A 
(tetrahedral)  and  B  (octahedral)  sites  are  found  to  be  in  ferric  high-spin  states.  Its  Neel  temperature 
Tn  is  found  to  be  865  ±3  K.  As  the  temperature  increases  toward  TN  a  more  overlapping  effect  of 
the  six-line  patterns  in  A  and  B  sites  is  observed  and  interpreted  to  have  originated  from  different 
temperature  dependencies  of  the  magnetic  hyperfine  fields  at  A  and  B  iron  sites.  Assuming  that  A-B 
magnetic  interactions  are  stronger  than  A- A  and  B-B  interactions,  we  have  calculated  the  hyperfine 
fields  at  the  A  and  B  iron  sites  in  ionic  distribution  (Fe)A[Ni0  5Co05Fe]5O4  as  a  function  of 
temperature.  The  theoretical  Mossbauer  spectra  from  the  above  calculated  hyperfine  fields  are 
obtained  and  compared  with  experimental  spectra.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)74508-9] 


NiFe204  is  completely  inverse  spinel1,2  and  has  the  ionic 
distribution  (Fe3+)A[Ni2+Fe3+]fi04,  where  A  and  B  indicates 
tetrahedral  site  and  octahedral  site  in  spinel  structure,  respec¬ 
tively.  This  was  verified  by  measuring  the  area  ratio 
/A//5=1.0  of  the  Mossbauer  patterns  (two  well-resolved 
sextets)  corresponding  to  57Fe  in  A  and  B  sites.  CoFe204  is 
not  completely  inverse,  and  x-ray  and  magnetic  studies  re¬ 
port  that  the  degree  of  inversion  depends  on  the  heat 
treatment.3,4  Kim  et  al.5,6  suggested  that  the  atomic  migra¬ 
tion  (cationic  exchange  of  A  and  B  site  in  CoFe204  and 
Ni0.5Coo.5Fe204)  results  from  the  area  ratio  analysis  of  two 
overlapped  sextets  of  A  and  B  Mossbauer  pattern.  This  is 
different  from  the  atomic  migration  that  accompanied  by  the 
change  of  crystal  structure.7 

In  this  study  Mossbauer  spectra  of  Ni0.5Co0  5Fe204  have 
been  collected  over  a  wide  temperature  range  13-880  K.  The 
subspectrum  of  A  and  B  site  at  1 3  K  is  well  resolved  and  the 
overlapping  effect  of  subspectra  increases  with  increasing 
temperature.  This  overlapping  effect  is  interpreted  to  origi¬ 
nate  from  different  temperature  dependencies  of  the  mag¬ 
netic  hyperfine  fields  at  A  and  B  site. 

The  sample  Ni0.5Co0  5Fe204  was  prepared  by  grinding 
together  appropriate  proportions  of  ferric  oxide,  nickel  oxide, 
and  cobalt  oxide  powders  of  99.995%,  99.999%,  and 
99.999%  purity,  respectively,  pressing  the  resulting  mixture 
into  pellets  at  6000  kg/cm2,  firing  in  an  evacuated  and  sealed 
quartz  ampoule  at  1000  °C  for  3  days,  and  then  slowly 
cooled  to  room  temperature  at  a  rate  of  10  °C/h.  The  sample 
was  57Fe  enriched  to  5  at.  %  of  the  metal  atoms  for  Moss¬ 
bauer  measurements. 

X-ray  diffraction  patterns  of  Ni0  5Co0.5Fe2O4  showed 
that  the  sample  had  the  cubic  spinel  of  a  single  phase.  We 
could  not  find  out  a  single  diffraction  peak  of  Fe203,  NiO, 
CoO,  Fe,  NiFe204,  CoFe204,  NiFe204,  etc.  The  lattice  con¬ 
stant,  a=8.346±0.005  A,  at  room  temperature  was  found  by 
using  Nelson-Riley  function8  and  extrapolating  to  the  back¬ 
ward  diffraction  (0-90°). 

Mossbauer  spectra  were  recorded  using  a  conventional 
Mossbauer  spectrometer  of  the  electromechanical  type  with  a 
10-mCi  57Co  source  in  a  Rh  matrix. 


Figure  1  shows  some  of  the  Mossbauer  spectra  of 
Nio.sCoo  5Fe204  below  the  Neel  temperature.  The  Neel  tem¬ 
perature,  7^ =865  ±3  K,  was  measured  using  the  thermal 
scan  method.  Mossbauer  absorption  lines  are  two  hyperfine- 
split  sextets  and  they  overlap  increasingly  with  increasing 
temperature.  Two  sets  of  six  Lorentzian  lines  were  fitted  to 
the  Mossbauer  spectra  under  the  valid  constraints,  which  are 
Tj  -  r7-j(j  -  1,2,3)F;-  =  r7_;(/=  1,2,3)  of  line-width  and/, 
=  /7_j  of  intensity  with  :/2:/3  = 3:2:1  when  the  electric 
quadrupole  interaction  is  much  weaker  than  the  magnetic 
hyperfine  interaction.  The  solid  line  on  data  points  is  sum  of 
dot  lines  originated  from  Fe3+  of  A  and  B  sites.  The  results  of 
computer  analysis  for  two  well-resolved  sextets  at  low  tem¬ 
peratures  are  presented  in  Table  I. 

We  neglected  the  recoil-free  fraction  for  intensity  ratios 
in  Table  I.  These  intensity  ratios  confirm  that 
Ni0  5Co0  5Fe204  is  an  inverse  spinel  of  the  cation  distribution 

(Fe3+)A[Ni^Co^Fe3+]s04.  (1) 

The  isomer  shift  values  at  room  temperature  for  the  A  and  B 
subspectrum  are  found  to  be  0.15±0.01  and  0.26±0.01 
mm/s  relative  to  the  Fe  metal,  respectively,  which  are 
consistent1  with  the  high  spin  Fe3+  state.  The  smaller  value 
of  A  site  isomer  shift  is  due  to  a  larger  covalency  at  the  A 
site.  The  ferric  character  of  the  Fe  ions  is  also  manifested  by 
the  magnitudes  of  the  magnetic  hyperfine  field;  the  field  val¬ 
ues  at  13  K  of  the  A  and  B  patterns  are  found  to  be  511  ±2 
and  553  ±2  kG,  respectively,  which  are  typical  values  for 
Fe3+  ions. 

As  can  be  seen  in  Fig.  1,  the  Mossbauer  absorption  lines 
overlap  increasingly  as  the  temperature  approaches  the  Neel 
temperature  TN  from  below.  The  overlapping  of  the  Moss¬ 
bauer  spectral  lines  may  result  from  different  temperature 
dependencies  of  the  magnetic  hyperfine  fields  at  A  and  B  iron 
site  using  the  molecular  field  theory.9,10 

In  the  spinel  ferrites,  the  A-B  magnetic  interactions  be¬ 
tween  the  magnetic  atoms  on  the  A  and  B  sites  are  stronger 
than  A- A  and  B-B  interactions.11  According  to  the  cation 
distribution  Eq.  (1),  the  molecular  field  acting  on  A-site 
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TABLE  I.  Magnetic  hyperfine  field  H,  electric  quadrupole  shift  A EQ ,  iso¬ 
mer  shift  S,  and  intensity  ratio  R(  =  IA/IB)  at  low  temperatures  T  for 
Nio.5Coo.5Fe204 .  S  is  relative  to  the  iron  metal. 


T  (K) 

H  (kG) 

A  Eq 

(mm/s) 

8  (mm/s) 

R(=h!h) 

B 

A 

B 

A 

B 

A 

13 

553 

511 

-0.01 

0.00 

0.37 

0.25 

1.08 

77 

552 

511 

-0.01 

0.00 

0.37 

0.25 

1.05 

130 

549 

508 

-0.01 

0.00 

0.35 

0.23 

1.01 

180 

545 

506 

-0.01 

0.00 

0.33 

0.21 

1.14 

(Error) 

±2 

±2 

±0.01 

±0.01 

±0.01 

±0.01 

±0.05 

where  S  stands  for  the  Fe3+  spin,  and  g '  is  the  g  factor  of 
B- site  ions. 

It  is  true  that  the  approximations  given  by  Eqs.  (2)  and 
(3)  are  somewhat  crude,  because  the  exchange  integrals  are 
JFe_Fe  =  ^Fe-Ni  —  ^Fe-Co ;  the  Neel  temperature  of  858  K12  for 
Fe304  is  nearly  equal  to  862  K13  for  NiFe204  and  870  K5  for 
CoFe204.  Now  the  average  value  of  a  A -site  Fe3+  spin  S  can 
be  written  as 


kBT  )  9 


(4) 


where  Bs(x)  is  the  Brillouin  function  for  a  spin  S.  kB  and  T 
represent  the  Boltzmann  constant  and  temperature,  respec¬ 
tively.  Similarly,  the  average  value  of  a  B- site  ion  spin  S'  can 
be  written  as 


(S^^S’^-S'Bs' 


kBT  I  ' 


(5) 


The  magnetic  ordering  temperature  can  be  easily  derived 
from  Eqs.  (4)  and  (5)  to  be 

21/1 

TN=-J-  [5(5+ 1)5'(5'  +  1)X  12X6]1/2.  (6) 

5kB 

Introducing  the  reduced  variables  a=(S)/S,  a'=(S')/S'  and  r 
=  T/Tn  ,  Eqs.  (4)  and  (5)  are  combined  to  give  the  equations: 


FIG.  1.  Mossbauer  spectra  of  Ni0.5Coo.5Fe204  below  the  Neel  temperature. 


12XaX—  , 


(7) 


Fe3+  ions  with  12  next  nearest  neighbor  B  site  ions  (Ni2+, 
Co2+,  and  Fe3+),  is  approximated  by 

2 

H= - JX  12X(5'>.  (2) 

g^B 

Here,  J  is  an  exchange  integral  between  Fe3+  and  Ni2+, 
Co2+,  or  Fe3+  ions,  /jlb  is  Bohr  magneton,  (S')  is  the  aver¬ 
age  value  of  the  B-site  ion  spin  taken  over  all  environments, 
and  S'  is  the  average  value  of  5'  for  a  particular  environ¬ 
ment.  g  is  the  g  factor  of  an  A-site  Fe3+  ion. 

On  the  other  hand,  the  molecular  field  acting  on  B-site 
Fe3+  ions  with  6  next  nearest  neighbor  A-site  Fe3+  ions  is 
approximated  by 

H'  = - r — JX6X(S),  (3) 

g  Ms 


cr'  =  -B5,|6XaX^j  ,  (8) 

where  a  is  a  constant  given  by 
3SS' 

a~  [5(5+l)5'(5'  +  l)X12X6]1/2  ‘ 

For  each  reduced  temperature  r,  the  reduced  spin  a  and 
proportional  to  the  reduced  magnetic  hyperfine  field  at  the  A 
and  B  site  are  calculated  numerically  by  solving  Eqs.  (7)  and 
(8)  simultaneously. 

Figure  2  shows  that  the  temperature  dependencies  of  the 
reduced  hyperfine  fields  at  the  A  and  B  site  in 
Ni0.5Co0.5Fe2O4  are  different.  To  compare  the  temperature 
dependencies  of  the  hyperfine  fields  at  the  A  and  B  site  in 
detail,  we  put  on  HA(0) =511  kG  for  A  site  and 
Hb( 0)=553  kG  for  B  site.  Figure  3  presents  the  magnetic 
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fc. 

FIG.  2.  Reduced  hyperfine  fields  at  the  A  and  B  site  as  a  function  of  reduced  DC 

temperature.  The  dash  line  is  Brillouin  function  for  spin  5-5/2.  ^ 

DO 

< 


hyperfine  fields  at  the  A  and  B  site  as  a  function  of  reduced 
temperature  and  the  hyperfine  fields  at  the  A  and  B  site  cross¬ 
ing  each  other. 

As  can  be  seen  in  Fig.  4,  we  calculated  the  theoretical 
Mossbauer  spectra  at  various  reduced  temperatures  using  the 
hyperfine  fields  of  Fig.  3  and  line- width =0.38  mm/s,  isomer 
shift=0.25  mm/s  for  A  site  and  line-width =0.41  mm/s,  iso¬ 
mer  shift— 0.37  mm/s  for  B  site  of  the  13  K  experimental 
parameters  in  Fig.  1.  The  calculated  Mossbauer  spectra  are 
nearly  consistent  with  those  in  Fig.  1,  but  0.25  TN  (216  K) 
and  0.35  TN  (303  K)  are  not  in  accord  with  295  K  and  500  K, 
respectively.  We  may  interpret  this  discord  in  the  magnetic 
ions  of  lowest  level  by  Hund’s  rule. 


600  r 


FIG.  3.  Magnetic  hyperfine  fields  at  the  A  and  B  site  as  a  function  of 
reduced  temperature. 


VELOCITY  ( mm/s ) 

FIG.  4.  Mossbauer  spectra  calculated  by  the  molecular  field  theory  at  vari¬ 
ous  reduced  temperatures. 

1  G.  A.  Sawatzky,  F.  van  der  Woude,  and  A.  H.  Morrish,  J.  Appl.  Phys.  39, 
1204  (1968);  Phys.  Rev.  187,  747  (1969). 

2D.  Kedem  and  T.  Rothem,  Phys.  Rev.  Lett.  18,  165  (1967). 

3K.  Haneda  and  A.  H.  Morrish,  J.  Appl.  Phys.  63,  4258  (1988). 

4M.  R.  De  Gurie,  R.  C.  O’Handley,  and  G.  Kalonji,  J,  Appl.  Phys.  65,  3167 
(1989). 

5Chul  Sung  Kim,  Seung  Iel  Park,  Young  Lang  Um,  Young  Jong  Lee,  Seung 
Wha  Lee,  and  Sung  Real  Hong,  J.  Korean  Phys.  Soc.  27,  323  (1994). 

6  Seung  Wha  Lee,  Sung  Real  Hong,  Seung  Iel  Park,  and  Chul  Sung  Kim,  J. 
Korean  Mag.  Soc.  5,  58  (1995). 

7 Hang  Nam  Ok  and  Yun  Kon  Kim,  Phys.  Rev.  B  36,  5120  (1987). 

8J.  B.  Nelson  and  D.  P.  Riley,  Proc.  Phys.  Soc.  London  57,  160  (1945). 

9J.  M.  Daniels  and  A.  Rosencwaig,  Canadian  J.  Phys.  48,  381  (1970);  J.  K. 
Srivastava,  K,  Muraleedharan,  and  R.  Vijayaraghavan,  Phys.  Lett.  24,  482 
(1984). 

,0Choong  Sub  Lee  and  Chan  Young  Lee,  J.  Korean  Mag.  Soc.  3,  173  (1993). 
11 C.  M.  Srivastava,  G.  Srinivasan,  and  N.  G.  Nanadikar,  Phys.  Rev.  B  19, 
499  (1979). 

12 S.  Geller,  J.  P.  Remeika,  H.  J.  Williams,  G.  P.  Espinosa,  and  R.  C.  Sher¬ 
wood,  Phys.  Rev.  A  137,  1034  (1965). 

13T.  M.  Uen  and  F.  H.  Yang,  Jpn.  J.  Appl.  Phys.  27,  955  (1988). 


5712 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


C.  S.  Lee  and  C.  Y.  Lee 


A  57Fe  Mossbauer  study  of  Gd2Fe17_xGaxC2  (x=0-6) 

Bo-Ping  Hu 

San  Huan  Research  Laboratory,  Chinese  Academy  of  Sciences,  Beijing  100080,  People's  Republic  of  China 

Hong-Shuo  Li 

School  of  Physics,  The  University  of  New  South  Wales,  Sydney  NSW  2052,  Australia 
and  Southern  Research  Institute  of  Pure  and  Applied  Sciences,  Southern  University, 

Baton  Rouge,  Louisiana  70813 

Bao-Gen  Shen 

Magnetism  Laboratory  Institute  of  Physics,  Chinese  Academy  of  Sciences,  Beijing  100080, 

People’s  Republic  of  China 

Suharyana 

School  of  Physics,  The  University  of  New  South  Wales,  Sydney,  NSW  2052,  Australia 

Fang-Wei  Wang 

Magnetism  Laboratory,  Institute  of  Physics,  Chinese  Academy  of  Sciences,  Beijing  100080, 

People’s  Republic  of  China 

J.  M.  Cadogan 

School  of  Physics,  The  University  of  New  South  Wales,  Sydney,  NSW  2052,  Australia 

Wen-Shan  Zhan 

Magnetism  Laboratory,  Institute  of  Physics,  Chinese  Academy  of  Sciences,  Beijing  100080, 

People’s  Republic  of  China 

A  57Fe  Mossbauer  study  of  Gd2Fe17„xGaxC2  (*=0-6)  has  been  carried  out  in  order  to  reveal  the 
effects  of  Ga  substitution  on  the  Fe-sublattice  magnetic  properties.  We  have  used  a  simplified  fitting 
model  which  uses  six  broadened  sextets  in  the  theoretical  fit  to  the  spectra  of  Gd2Fe17_xGaxC2.  Our 
results  suggest  that  the  electronic  factor  plays  an  important  role  in  determining  the  Fe  magnetism  in 
the  substituted  R2Fe17.^Tx  (T=Al,Ga,Si,Ti,...)  compounds  and  their  carbides.  The  average  Fe 
magnetic  moment  in  Gd2Fe17_xGaxC2  varies  from  \.99fiB  for  x=0  to  0.94/x#  for  x=5  at  room 
temperature.  Therefore,  the  optimum  substituent  concentration  would  be  1  3  for  the  substituted 

R2Fe17„xTx  compounds  as  potential  permanent  magnet  materials.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)74608-5] 


I.  INTRODUCTION 

The  substitution  of  Ga  for  Fe  in  R2Fe17  (2:17)  phase  has 
been  shown1,2  to  enhance  both  the  Curie  temperature  and 
uniaxial  anisotropy  of  2:17  phase.  In  particular,  the 
Sm2Fe17„>,Ga>,  compounds  exhibit  uniaxial  anisotropy  for  y 
in  the  range  of  but  have  a  planar  anisotropy  without 

the  Ga  substitution.  The  Curie  temperature  shows  a  maxi¬ 
mum  at  y~3,  and  reaches  635  K.  In  addition,  this  substitu¬ 
tion  facilitates  the  formation  of  interstitial  carbides 
R2Fe17Cx  directly  by  conventional  arc-melting3  with  higher 
carbon  content,  x,  reaching  about  2.5  (otherwise  it  is  only 
about  x~1.0  without  Ga  substitution).  A  uniaxial  anisotropy 
field  Ba  greater  than  9  T  at  293  K  for  Sm2Fe14Ga3C2  is 
observed.1  Moreover,  a  room  temperature  coercivity  of 
fi0iHc  — 1.5  T  has  been  obtained  in  Sm2Fe14Ga3C1 5  prepared 
by  melt  spinning.4,5  These  results  suggest  that 
Sm2Fe14Ga3Cx  might  be  a  possible  new  material  for  sintered 
permanent  magnets. 

Here  we  present  a  57Fe  Mossbauer  study  of 
Gd2Fe17_xGaxC2  (x=0-6).  The  effect  of  Ga  on  the  magne¬ 
tism  of  Fe  sublattice  will  be  discussed  through  the  hyperfine 
parameters  obtained. 

IK.  RESULTS  AND  DISCUSSION 

This  work  is  a  part  of  our  systematic  study  of  the 
R2Fe17_>;Ga^Cx  series  of  compounds.  The  bulk  magnetic 


properties  of  Gd2Fe17_xGaxC2  (x=0-6)  compounds  have 
been  studied  in  detail  previously.6  The  sample  preparation 
techniques  are  described  in  Ref.  6. 57Fe  Mossbauer  spectros¬ 
copy  was  carried  out  at  293  K  in  a  standard  transmission 
geometry  using  a  57CoRh  source,  calibrated  with  an  a-Fe 
foil. 

In  order  to  determine  the  number  of  magnetic  sextets 
needed  in  the  theoretical  fitting,  we  need  to  consider  the  local 
environment  of  each  Fe  site  in  the  rhombohedral  Th2Zn17 
structure.  There  are  four  Fe  sites,  namely  6c,  9d,  18/,  and 
18 h\  the  carbon  atoms  occupy  the  9c  site.  Therefore  for  the 
case  of  R2Fe17,  the  required  number  of  sextets  is  four  for 
easy-axis  magnetization  and  seven  for  easy-plane  ordering.7,8 
In  the  rhombohedral  Th2Zn17  structure  with  the  interstitial 
carbon  atoms  occupying  9c  site,  both  the  18/  and  18 h  Fe 
sites  have  one  neighboring  carbon  atom.  Thus,  the  introduc¬ 
tion  of  the  carbon  atoms  splits  further  each  of  the  18/  and 
18  h  sites’  spectra  into  two  subspectra.  Since  all 
Gd2Fe17_xGaxC2  compounds  have  a  planar  easy  magnetiza¬ 
tion  direction,  the  total  of  number  of  sextets  needed  is  eleven 
for  fitting  the  spectra  of  Gd2Fe17C2.  Introduction  of  Ga  atom 
further  complicates  the  situation  due  to  preferential  site  oc¬ 
cupation  of  the  Ga  atoms.  Previous  neutron  diffraction9"11 
and  57Fe  Mossbauer  studies12”14  on  R2Fe17_yGay  suggest 
that  the  Ga  atoms  preferentially  occupy  mainly  the  18 h  site 
of  the  Th2Zn17  structure  when  x^4  and  occupy  the  18 h,  18/ 
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FIG.  1.  The  Mossbauer  spectra  of  Gd2Fe17_x Ga^  (x=0— 6)  at  room  tem¬ 
perature  with  the  fits  shown  as  full  curves. 


TABLE  I.  Hyperfine  parameters:  isomer  shift  (IS),  quadrupole  splitting 
(QS),  hyperfine  field  (fJL0Hhj)  and  relative  area  (/),  deduced  from  the  theo¬ 
retical  fits  to  the  Mossbauer  spectrum  of  Gd2Fe15Ga2C2  at  room  temperature. 


Site 

IS 

(mm/s) 

QS 

(mm/s) 

/'■<»// *  / 

(T) 

/ 

(%) 

6c 

-0.01(3) 

-0.01(5) 

27.8(2) 

18(5) 

9  d 

-0.18 

0.28 

25.5 

14 

18/ 

-0.17 

0.05 

22.6 

23 

-0.13 

0.41 

19.4 

14 

18  h 

0.16 

0.02 

22.7 

19 

0.17 

0.20 

16.8 

12 

X 


FIG.  2.  Ga  concentration  dependence  of  average  hyperfine  field  of 
Gd2Fe,7__rGaxC2  (jt=0-~6)  at  room  temperature. 


and  6c  sites  for  x>4.  The  number  of  sextets  thus  needed  is 
more  than  twenty  if  we  intend  to  analyze  the  experimental 
spectra  of  Gd2Fe17_JGa:y  in  terms  of  an  exact  binomial  dis¬ 
tribution  of  the  nearest-neighbor  Ga  environments.  From  the 
point  of  view  of  fitting  the  spectra,  this  is  an  unmanageable 
situation;  some  simplification  must  be  introduced.  Therefore, 
we  have  used  a  simplified  fitting  model13  using  six  broad¬ 
ened  sextets  in  the  theoretical  fit  to  the  spectra  of 
Gd2Fe17~:yGa:yC2  compounds  which  ignores  the  local  Ga  and 
C  environment  of  each  Fe  site.  For  Gd2Fe11Ga6C2  only  one 
doublet  is  needed  since  it  is  paramagnetic  at  room  tempera¬ 
ture.  This  model  reproduces  the  experimental  absorption 
well,  but  some  problems  are  found  with  the  relative 
intensities.15 

Figure  1  shows  the  Mossbauer  spectra  of 
Gd2Fe17_JCGa;cC2  (jc=0-6)  collected  at  room  temperature, 
together  with  the  theoretical  fits  shown  as  solid  lines.  It  is 
clear  from  this  figure  that  the  theoretical  fits  are  satisfactory. 
Table  I  gives  the  hyperfine  parameters  resulting  from  the  fits 
to  the  Mossbauer  spectrum  of  Gd2Fe15Ga2C2  as  a  typical 
example  of  the  Gd2Fe17_);Ga);C2  series.  These  results  indi¬ 
cate  that  the  Ga  atoms  preferentially  occupy  the  18 h  site  as 
revealed  by  above  mentioned  Neutron  diffraction  studies9-11 
and  57Fe  Mossbauer  studies.12-14 

The  average  hyperfine  field  (Bhf)  as  a  function  of  Ga 
concentration  is  shown  in  Fig.  2.  It  can  be  seen  that  the 
(Bhf)  decreases  with  Ga  concentration  which  corresponds 
mainly  to  the  decrease  of  the  Curie  temperature  due  to  the 
Ga  substitution  (also  shown  in  Fig.  2  for  comparison).  Of 
particular  interest  is  the  hyperfine  field  behavior  at  low  Ga 
concentrations  (there  is  a  kink  for  x~3)  where  the  field  in¬ 
creases  with  decreasing  x  while  the  Curie  temperature  re¬ 
mains  essentially  constant.  This  observation  suggests  that 
electron  transfer  effects  between  the  Fe  and  Ga  are  important 
in  determining  the  Fe  magnetism  in  these  compounds.  In 
fact,  recent  theoretical  studies16,17  suggest  that  the  enhance¬ 
ment  of  Curie  temperature  observed  in  the  R2Fe17_JCTx  sys¬ 
tems  by  any  substituent,  T=Al,Ga,Si,Ti...  is  attributed  to  be 
electronically  in  origin  other  than  due  to  the  simple  volume 
expansion  effect.  The  effect  of  the  substitution  is  to  fill  out 
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the  Fe  3d  spin-up  subband  and  the  substituted  compound 

18 

thus  becomes  a  strong  magnet. 

Finally,  using  a  conversion  factor  of  14.1  T!{lb  for  2:17 
carbides,19  the  average  Fe  atomic  magnetic  moment  in 
Gd2Fe17_JCGaJCC2  varies  from  1.99^1#  (x=0)  to  0.94 fiB  (x=5) 
at  room  temperature.  Therefore,  only  those  compounds  with 
the  low  substituent  concentration  (x<3)  have  useful  magne¬ 
tization  as  potential  permanent  magnet  materials. 

[II.  CONCLUSION 

Our  present  57Fe  Mossbauer  study  on  Gd2Fe17_A:GaJCC2 
(x=0~6)  compounds  suggests  that  the  electronic  factor 
plays  an  important  role  in  determining  the  Fe  sublattice  mag¬ 
netism  in  the  substituted  R2Fci7-xTx  (T=Al,Ga,Si,Ti...) 
compounds  and  their  carbides.  The  observed  kink  at  x~3  in 
the  Ga  concentration  dependence  average  hyperfine  field  in¬ 
dicates  that  there  exist  electron  transfer  effects  between  the 
Fe  and  Ga.  The  optimum  substituent  concentration  would  be 
l^x^3  for  the  substituted  R2Fe17_^Tx  compounds  as  poten¬ 
tial  permanent  magnet  materials. 
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Electron  capture  /?-decay  in  54Mn2+  ions  in  solids  is  analyzed.  It  is  shown  that  the  decay  rate  of 
54Mn2+  should  decrease  significantly  at  low  temperatures,  approaching  a  limit  of  35%  of  its  room 
temperature  value.  It  is  also  shown  that  the  decay  rate  at  low  temperatures  can  be  manipulated  using 
resonant  electromagnetic  fields  and  the  rate  can  be  modulated  by  a  factor  of  four.  Extension  to  other 
species  is  suggested  and  potential  applications  are  described.  ©  1996  American  Institute  of 
Physics.  [S002 1  -8979(96)74708-2] 


It  was  pointed  out  recently  that  the  rate  of  electron  cap¬ 
ture  beta  decay  of  paramagnetic  atoms  and  ions,  confined  in 
atom  and  ion  traps,  can  be  effectively  controlled  when  their 
temperature  is  comparable  to  the  hyperfine  splitting  of  the 
ground  state.1,2  This  provides  opportunities  to  create  modu¬ 
lated  gamma  ray  and  neutrino  sources  and  for  the  develop¬ 
ment  of  new  probes  of  both  nuclear  decay  and  hyperfine 
transitions.  In  this  paper  we  show  that  the  possibility  exists 
to  observe  similar  phenomenon  for  dilute  magnetic  impuri¬ 
ties  in  solids,  in  the  presence  of  an  external  magnetic  field. 
The  control  of  a  nuclear  decay  in  solids  has  many  more 
potential  applications  than  trapped  atoms  or  ions  because  of 
the  large  density  of  radioactive  nuclei  achievable  in  solids 
and  the  ability  to  exploit  long-lived  isotopes. 

As  a  simple  example,  for  both  theoretical  analysis  and 
experimental  verification,  we  will  consider  divalent  54Mn 
ions  in  a  diamagnetic  host.  We  will  show  that  the  decay  rate 
of  54Mn2+  depends  significantly  on  the  populations  of  the 
hyperfine  levels  of  the  system  and  consequently  the  decay 
rate  can  be  manipulated  using  temperature  or  resonant  elec¬ 
tromagnetic  fields.  54Mn  has  spin  1=3  and  magnetic  moment 
yU=  +  3.283,4  The  disintegration  scheme  is  extremely  simple, 
54Mn  decays  by  electron  capture  to  the  first  excited  state  of 
the  stable  isotope  54Cr: 

gMn+c“->^Cr*+v,  (1) 

where  v  denotes  a  neutrino,  and  no  other  decay  branches 
have  been  detected.5  The  daughter  nuclear  state  has  spin  1=2 
and  the  same  (positive)  parity  as  the  parent.  Such  a  transition 
is  caused  by  the  Gamow-Teller  interaction,  which  changes 
the  nuclear  spin  by  one  unit  but  preserves  the  parity  of  the 
nucleus.6,7 

In  divalent  manganese  ions  the  3 J-electron  shell  is  half 
filled  with  electrons.  The  ground  state  has  electronic  spin 
5=5/2  and  no  net  orbital  angular  momentum.  The  hyperfine 
fields  at  the  nuclei  of  these  ions  have  been  extensively 
studied.8  The  fields  are  caused  mainly  by  exchange  polariza¬ 
tion  of  the  internal  5-shells.  In  particular,  according  to  spin- 
polarized  Hartree-Fock  calculations,9  the  ls-shell  gives  a 
contribution  of  -3  T,  the  25-shell  gives  —141  T  and  the 
35-shell  yields  +74  T.  The  resultant  field  of  -70  T  is  close  to 
the  value  -65  T  derived  from  the  analysis  of  experimental 
data.10  The  negative  sign  means  that  the  hyperfine  field  is 
oriented  opposite  to  the  electronic  magnetic  moment. 


Consider  a  sample  of  divalent  manganese  ions  in  a  dia¬ 
magnetic  solid  and  assume  the  54Mn2+  ions  are  very  dilute, 
so  that  dipolar  and  exchange  interactions  between  them  can 
be  ignored.  In  the  presence  of  an  external  magnetic  field  H, 
the  electronic  magnetic  moment  in  the  ground  Zeeman  state 
is  oriented  along  H.  Because  the  electron  gyromagnetic  ratio 
is  negative,  the  electronic  spin  direction  is  opposite  H.  The 
first  (lowest)  hyperfine  level  of  the  ground  state  has  the 
nuclear  magnetic  moment  gx  oriented  in  the  direction  of  the 
hyperfine  field  Hn,  i.e.,  opposite  H  (we  assume  H<Hn ).  Be¬ 
cause  the  54Mn  gyromagnetic  ratio  is  positive,  the  nuclear 
spin  has  the  same  direction  as  /*. 

Let  the  +z-axis  be  oriented  in  the  direction  of  the  exter¬ 
nal  field  H.  Then  the  z-projection  of  the  total  angular  mo¬ 
mentum  of  the  system  Fz  is  a  conserved  quantity.  There  are 
seven  hyperfine  levels  in  the  ground  Zeeman  state  of  the 
54Mn2+  ion,  having  Fz  values  from  —11/2  to  +1/2.  The  first 
hyperfine  level  Fz=  — 11/2  corresponds  to  the  state 

|Sl,/t)  =  |-5/2,-3).  (2) 

The  second  level  FZ=—9I2  is  approximately  | — 5/2, — 2)  (we 
assume,  as  usual,  that  the  Zeeman  splitting  for  the  electronic 
system  is  large  compared  to  the  hyperfine  splitting,  and 
therefore  the  admixture  of  the  state  | — 3/2, — 3)  with  the  same 
value  Fz  is  small).  The  remaining  levels  follow  appropriately. 

Following  a  nuclear  decay,  one  has  a  54Cr  nucleus  with 
spin  I'  =2  (primed  quantities  refer  to  final  states),  a  neutrino 
with  spin  1/2  and  an  electronic  system  with  total  spin  S'—  2 
or  S=3',  corresponding  to  the  capture  of  an  5-electron  with 
spin  parallel  or  antiparallel  to  the  electronic  spin  of  the  par¬ 
ent  ion.  The  lowest  hyperfine  level  of  the  daughter  system 
has  a  z-projection  of  the  total  angular  momentum  F[  = 
-  1 1/2.  This  corresponds  to  the  state 

\S'zl'zv'z)  =  \-3-2-m),  (3) 

where  vz  denotes  the  z-projection  of  neutrino  spin.  The  next 
value,  Fz  =  —  9/2,  corresponds  to  three  states,  which  can  be 
written  approximately  as 

|  —  3, — 2,+  1/2), | -3,—  1,— 1/2)  and  | -2,-2,- 1/2). 

(4) 

We  neglect  “shake-up”  processes  in  the  electronic  system 
and  in  particular,  we  ignore  transitions  which  involve  a 
change  of  spin  state  for  the  3^-electrons. 
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It  is  easy  to  show  that  any  of  the  values  F[  =  -  7/2, 
”5/2,  -3/2  corresponds  to  four  possible  final  states,  F[ 
-  — 1/2  to  three  and  F'z  =  +  1/2  to  only  one  final  state.  The 
number  of  decay  channels  N(  for  the  it h  hyperfine  level  of  the 
initial  system  is  equal  to  the  number  of  final  states  with  F[ 
=  Fz .  This  is  because  the  z-projection  of  the  total  angular 
momentum  is  conserved  during  an  electron  capture  decay. 
Therefore,  the  first  hyperfine  level  of  the  initial  system  has 
one  channel  for  decay,  the  second  level  has  three  channels, 
the  third  has  four  channels  and  so  on. 

One  can  intuitively  understand  this  result  by  taking  into 
consideration  the  four  possibilities  encountered  in  an  elec¬ 
tron  capture  decay: 

(1)  Annihilation  of  an  electron  with  spin  “up”  and  emis¬ 
sion  of  a  neutrino  with  spin  “down” — the  spin  projection  of 
the  nucleus  Iz  must  increase  by  one  unit  to  conserve  Fz ; 

(2)  Annihilation  of  an  electron  with  spin  “down”  and 
emission  of  a  neutrino  with  spin  “up” —  the  value  of  lz  must 
decrease  by  one  unit  to  conserve  Fz ; 

(3)  and  (4)  Absorption  and  emission  of  leptons  with  the 
same  spin  (“up”  or  “down”)  with  no  change  in  Iz . 

If  the  initial  state  of  a  54Mn2+  system  corresponds  to  the 
first  hyperfine  level  with  Iz~  -3,  and  the  daughter  nucleus 
has  spin  /'  =2,  the  value  Iz  must  increase  by  one  unit.  Thus  in 
the  decay  only  the  first  possibility  described  above  is  al¬ 
lowed.  If  the  initial  state  corresponds  to  the  second  hyperfine 
level  7Z=— 2,  the  second  possibility  (decrease  of  Iz  by  one 
unit)  is  forbidden  but  the  other  three  possibilities  are  al¬ 
lowed.  For  the  initial  state  Iz—  —  1  all  the  possibilities  are 
allowed  and  similar  considerations  apply  to  the  other  levels. 

Assuming,  for  simplicity,  equal  decay  probabilities  for 
all  the  channels,  we  obtain  the  ratio  of  decay  probabilities  for 
the  seven  hyperfine  levels  as  1 :3:4:4:4:3: 1 .  The  temperature 
dependence  of  the  decay  rate  is  then  given  for  the  case  of 
54Mn2+  by 


Wl  Woo =(7/20) 


2 

i=  1 


Ni 


where  W0 0  is  the  decay  rate  for  T— (i.e.,  T>EJk)  and  Et  is 
the  energy  of  the  fth  level 


£/=A(/~l),A  =  (/i//)(i/n”//).  (6) 


Putting  77=5  T,  Hn  =  65  T  for  our  example,  one  ob¬ 
tains  A/^24  mK.  The  temperature  dependence  of  W/W &  is 
plotted  for  this  value  of  A  Ik  in  Fig.  1.  One  can  see  that  the 
decay  rate  decreases  with  temperature,  approaching  its  mini¬ 
mum  value  W^^O.35 when  the  temperature  approaches 
zero.  For  T<klk  one  can  transfer  the  initial  system  to  the 
second  and  third  hyperfine  levels  using  nuclear  magnetic 
resonance  techniques.  As  a  result,  the  decay  rate  can  be  in¬ 
creased  by  a  factor  of  four,  to  its  maximum  value 
w  =1  AW 

KKmax  «>• 

In  summary,  we  estimated  the  decay  rate  of  54Mn  nuclei 
in  divalent  Mn  ions  for  magnetically  dilute  solids  in  an  ex- 


W/Woc 


FIG.  1.  The  temperature  dependence  of  the  electron  capture  decay  rate  of 
54Mn2+  assuming  A/£=24  mK. 

temal  magnetic  field.  It  was  shown  that  at  temperatures  com¬ 
parable  to  the  hyperfine  splitting  of  the  ground  state,  the 
electron  capture  decay  rate  may  be  controlled  effectively 
with  temperature  and  resonant  electromagnetic  fields.  Ac¬ 
cording  to  our  estimates,  the  electron  capture  rate  of  54Mn 
can  be  decreased  to  0.35  times  and  increased  to  1.4  times  its 
high  temperature  value  of  0.81/yr.  Techniques  of  microwave 
and  optical  pumping  could  be  used  to  align  the  spins  and 
produce  significant  dynamic  nuclear  polarization. 

Similar  considerations  are  valid  for  many  other  isotopes 
which  decay  by  electron  capture,  i.e.,  their  decay  rates  in 
paramagnetic  ions  depend  significantly  on  the  populations  of 
the  hyperfine  levels  and  can  consequently  be  controlled.  We 
also  suspect  that  the  same  effect  could  be  observed  in  mag¬ 
netically  ordered  media  in  spite  of  large  exchange  interaction 
between  the  ions.  Potential  applications  of  phenomenon  con¬ 
sidered  here  for  solids  are  very  promising.  These  include 
artificially  induced  changes  of  decay  rate  for  transportation 
and  utilization  of  radioactive  isotopes,  modulated  long-lived 
sources  of  gamma  rays  and  neutrinos,  and  new  methods  for 
detection  of  nuclear  magnetic  resonance,  among  others.  The 
authors  are  delighted  to  acknowledge  the  assistance  of  Rob¬ 
ert  Lee,  a  YES  program  summer  researcher. 
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The  present  article  reports  a  theoretical  study  of  Bragg  diffraction  of  laser  light  by  magnetostatic 
forward  volume  waves  (MSFVWs)  in  a  double-yttrium-iron-garnet(YIG)-film-layered  structure. 

The  layering  provides  a  means  of  achieving  a  significant  enhancement  in  bandwidth  for 
nondispersive  MSFVW  propagation,  leading  in  turn  to  a  significant  enhancement  in  bandwidth  for 
magneto-optic  (MO)  coupling.  Numerical  computations  comparing  bandwidth  for  MO  coupling 
between  a  single- YIG-film  geometry  and  a  double- YIG-film  geometry  are  presented.  ©  1996 
American  Institute  of  Physics.  [S0021 -8979 (96)7 4808-1] 


INTRODUCTION 

Interest  in  Bragg  diffraction  of  laser  light  by  magneto¬ 
static  waves  in  epitaxial  yttrium-iron-gamet  (YIG)  films 
arises  from  the  potential  for  large  time-bandwidth  and  tun¬ 
able  optical  signal  processing  at  microwave  frequencies  in 
the  range  from  about  2  GHz  to  about  20  GHz.1-6  The  band¬ 
width  for  magneto-optic  (MO)  coupling  is  limited  primarily 
by  the  bandwidth  of  magnetostatic  wave  (MSW)  propaga¬ 
tion.  The  use  of  an  inhomogeneous  bias  field  as  a  means  of 
enhancing  the  bandwidth  for  MSW  propagation,  and  thereby 
the  bandwidth  for  magneto-optic  (MO)  coupling,  has  previ¬ 
ously  been  reported6  for  the  case  of  magnetostatic  forward 
volume  waves  (MSFVWs)  in  a  single  YIG-film  geometry. 
The  present  article  reports  an  alternative  approach  also  em¬ 
ploying  MSFVWs  for  enhancing  the  bandwidth  for  MO  cou¬ 
pling  through  enhancement  of  bandwidth  for  nondispersive 
MSFVW  propagation,  i.e.,  the  use  of  a  layered  YIG-film  in 
conjunction  with  a  separated  ground  plane.  The  computa¬ 
tions  presented  here  show  a  significant  improvement  in 
bandwidth  for  MO  coupling  arising  from  the  use  of  a  layered 
YIG-film  geometry. 


THEORY  AND  NUMERICAL  RESULTS 

A  double- YIG-film-layered  structure  supporting 
MSFVWs  is  treated  in  which  the  top  YIG-film  layer  (labeled 
YIG1)  is  Bi-doped  and  the  lower  layer  (labeled  YIG2)  is 
pure  YIG  as  shown  in  Fig.  1.  The  MO  coupling  effect  is 
accentuated  in  the  YIG1  region  by  choosing  it  to  be  Bi- 
doped.  The  dc  bias  magnetic  field  H0  is  applied  normal  to  the 
YIG  films  so  that  the  MSW  wave-type  supported  by  the 
structure  is  MSFVW.  In  Fig.  1,  the  ground  plane  placed 
above  the  YIG1  Bi-doped  film  is  omitted  for  the  sake  of 
simplicity.  An  orthogonal  MO  coupling  geometry  is  treated, 
with  the  incident  light  wave  essentially  trapped  within  the 
YIG1  film  propagating  orthogonal  to  the  MSFVW.  The 
TM— >TE  mode  coupling  treated  here  assumes  the  lowest  op¬ 
tical  waveguide  modes  of  the  structure. 

The  MO  coupling  efficiency  77  is  found  to  assume  the 
standard  expression 

?7=sm  2(K±L),  (1) 


where  K+  =  kl±k2  is  the  MO  coupling  coefficient  represent¬ 
ing  the  Stokes  and  anti-Stokes  conditions,  respectively.  The 
quantities  kx  and  k2  depend  upon  the  magnitudes  of  the  com¬ 
ponents  of  the  rf  magnetization  m  and  their  distribution 
across  the  YIG1  film.  The  expressions  for  kx  and  k2  differ¬ 
entiate  the  present  geometry  from  previous  studies  since  the 
field  distributions  in  the  YIG1  film  vary  with  geometry. 

Sample  computations  of  the  frequency-variation  of  the 
MO  coupling  efficiency  r]  are  presented  in  Figs.  2-5.  In  each 
of  these  figures,  two  curves  are  plotted,  one  for  the  present 
double- YIG-film-layered  geometry  and  the  other  for  a 
single- YIG-film  geometry.  The  computations  in  the  layered- 
YIG-film  case  are  for  YIG1  film  thickness  dx  =  9  yam,  YIG2 
film  thickness  d2~6 0  yum,  saturation  magnetizations  of  the 
two  films  /ul0M01=  1,750  G  and  fioM02— 1,878  G,  ground 
plane  separation  from  YIG1  film  h=6 25  yam,  aperture  of 
MSFVW  microstrip  transducer  L— 0.88  cm,  and  applied  bias 
field  ya0#o=3,678  G-  These  parameter  values  are  also  the 
ones  used  in  the  single- YIG-film  geometry  computations  ex¬ 
cept  that  in  the  latter  geometry  d2  is  set  to  zero.  The  com¬ 
putations  also  employ  the  same  value  ya0 mx  =  68  G  for  the 
x-component  of  rf  magnetization  in  the  YIG1  film  for  both 
the  layered-film  and  single-film  geometries,  thereby  main¬ 
taining  the  same  rf  power  in  the  YIG1  film  for  the  two  ge¬ 
ometries. 


FIG.  1.  Double- YIG-film  geometry  showing  the  directions  of  MSFWV 
propagation  and  of  incident  and  scattered  laser  waveguide  modes. 
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Frequency  in  GHz 


FIG.  2.  Computed  frequency  variation  of  MO  coupling  efficiency  for  the  case  of  MSFVW  transducer  width  of  25  fx m. 


FIG.  3.  Computed  frequency  variation  of  MO  coupling  efficiency  for  the  case  of  MSFVW  transducer  width  of  50  fx m. 


FIG.  4.  Computed  frequency  variation  of  MO  coupling  efficiency  for  the  case  of  MSFVW  transducer  width  of  100  /x m. 
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FIG.  5.  Computed  frequency  variation  of  MO  coupling  efficiency  for  the  case  of  MSFVW  transducer  width  of  200  /xm. 


In  going  from  Fig.  2  to  Fig.  5  sequentially,  the  width  of 
the  microstrip  transducer  is  incremented  in  the  following  or¬ 
der:  w  =  25  fim  (Fig.  2),  w=50  fim  (Fig.  3),  w  =  100  fim 
(Fig.  4)  and  w=200  fim  (Fig.  5).  The  computations  pre¬ 
sented  in  Figs.  2-5  contain  two  salient  features: 

(i)  For  a  given  value  of  microstrip  transducer  width  w,  a 
significant  improvement  in  bandwidth  for  MO  cou¬ 
pling  takes  place  with  the  use  of  a  layered  YIG-film 
structure  over  a  single  YIG-film  structure. 

(ii)  The  bandwidth  for  MO  coupling  goes  down  mono- 
tonically  with  increase  in  the  microstrip  transducer 
width  w  for  both  the  single-film  and  layered-film  ge¬ 
ometries.  This  effect  is,  of  course,  consistent  with  the 
antenna  array  effect  associated  with  the  extended  na¬ 
ture  of  a  microstrip  transducer7  relative  to  a  line- 
current  source. 


CONCLUSION 

The  present  article  reports  theoretical  computations  dem¬ 
onstrating  that  a  layered- YIG-film  MSFVW  geometry  pro¬ 
vides  a  method  of  achieving  a  significant  enhancement  in  the 
bandwidth  for  MO  coupling  over  a  single- YIG-film  geom¬ 
etry.  One  advantage  of  the  present  method  over  the  use  of  an 
inhomogeneous  bias  field  is  the  practical  difficulty  implicit 
in  the  latter  method  of  implementing  an  accurate  inhomoge¬ 
neous  bias-field  profile. 
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Microwave  power  modulation  in  a  magnetostatic  surface  wave  (MSSW)  transmission  line 
containing  an  yttrium-iron-gamet  film  of  thickness  20  /am  in  the  3-4  GHz  frequency  band  with 
optical  pulses  of  duration  2  ms  and  energy  of  20  jjlJ  has  been  investigated.  At  microwave  powers 
less  than  1  mW  a  slow  thermal  modulation  with  magnitude  up  to  4%  and  characteristic  time  of  0.5 
ms  took  place.  At  power  levels  1-100  mW  a  fast  modulation  of  the  transmitted  signal  with 
magnitude  up  to  10%  and  characteristic  time  of  about  1  /ms  caused  by  nonlinear  properties  of  MSSW 
was  observed.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)74908-0] 


INTRODUCTION 

Magnetostatic  spin  waves  (MSWs)  propagating  in  mi¬ 
crowave  region  in  magnetically  biased  planar  magnetic 
structures  containing  epitaxial  yttrium-iron-gamet  (YIG) 
films  are  widely  used  in  microwave  signal  processing 
devices.1  Characteristics  of  the  waves  such  as  wave  length, 
velocity  of  propagation,  efficiency  of  excitation,  and  propa¬ 
gation  losses  depend  strongly  on  magnetic  and  electrical  pa¬ 
rameters  of  the  structure.  It  is  of  great  interest  to  use  these 
dependences  to  design  optically  controlled  microwave  de¬ 
vices. 

The  basic  mechanism  by  which  light  influence  on  MSW 
characteristics  is  a  heating  of  the  YIG  film  due  to  absorption 
of  light  energy.  The  heating  results  in  a  decrease  in  the  YIG 
magnetization  and  gives  rise  to  a  change  in  MSW  dispersion 
characteristics.  The  irradiation  of  garnet  structure  with  short 
high-energy  laser  pulses  gives  rise  to  considerable  heating  of 
the  film,  that  may  be  used  to  control  the  wave  length,  veloc¬ 
ity  of  propagation,  and  MSW  frequency  as  well.2 

This  paper  presents  results  of  experimental  investigation 
of  modulation  of  magnetostatic  surface  waves  (MSSW) 
propagating  in  a  free  YIG  film  by  low  energy  optical  pulses. 
The  measurements  have  been  carried  out  for  linear  as  well  as 
for  nonlinear  regimes  of  MSSW  propagation. 

MSSW  TRANSMISSION  LINE 

A  schematic  of  MSSW  transmission  line  used  in  the  ex¬ 
periments  is  shown  in  Fig.  1.  The  YIG  film  of  thickness 
d- 20  jim ,  saturation  magnetization  47tA7=1750  G,  and  uni¬ 
form  FMR  line  width  A77—  0.6  Oe  was  grown  by  the  LPE 
method  on  a  gadolinium-gallium-gamet  (GGG)  substrate  of 
thickness  0.5  mm  and  dimensions  of  2  mmX20  mm.  Two 
microstrip  transducers  of  width  50  jim  and  length  2.5  mm 
evaporated  on  two  alumina  substrates  were  used  to  excite 
and  to  receive  MSSW.  The  alumina  substrates  were  placed  in 
close  contact  with  the  film  surface  so  that  the  distance  be¬ 
tween  the  transducers  was  equal  to  5  mm.  The  structure  was 
placed  in  a  uniform  dc  magnetic  field  of  77=  630  Oe  applied 
tangentially  to  the  film  plane  and  parallely  to  the  transducers. 

The  upper  surface  of  the  YIG  film  was  irradiated  with 
optical  pulses  of  wave  length  \=0.44  jim ,  duration  2  ms, 
and  rise  time  of  0.1  ms  from  a  He-Cd  laser  with  output 
power  up  to  7=10  mW.  A  lens  allowed  focusing  of  the  opti¬ 


cal  beam  to  a  circle  of  0.1  mm  diameter  at  any  point  of  the 
film. 

A  microwave  signal  Pin(/)  of  frequency  /=  3-4  GHz 
and  power  up  to  1  W  was  applied  to  the  input  transducer.  The 
signal  excited  a  MSSW  of  the  same  frequency /with  a  wave 
number  k ,  which  propagated  in  the  YIG  film  toward  the  out¬ 
put  transducer.  An  output  microwave  signal  Pout(/)  was  reg¬ 
istered  for  different  optical  powers  I  and  different  positions 
of  the  beam  on  the  film  surface. 

Figure  2  shows  the  measured  dependence  of  the  output 
microwave  signal  power  Pout(/)  versus  the  wave  frequency/ 
(frequency  response  of  transmission  line)  at  low  power  of  the 
input  microwave  signal  Pin^l  mW.  One  can  see,  that 
MSSWs  propagate  within  a  frequency  band  between  the 
lower  fL= 3555  MHz  and  the  upper  fu~4000  MHz  bound¬ 
ary  frequencies.  At  low  power  the  minimal  insertion  loss  was 

equal  to  LOO  =  10  lg{  P<Jf)/Pb(f) }  ="6.8  dB. 

For  MSSW  propagating  in  a  linear  regime  in  an  infinite 
ferrite  film  the  boundary  frequencies  can  be  found  using  the 
well-known  dispersion  equation:3 

fL(k  =  0)=y4H{H+4^M) 
and 

fu(k  =  ™)=y(H+27rM), 

where  y=2.8  MHz/Oe  is  the  gyromagnetic  ratio.  Calculated 
and  measured  values  for  fL  will  coincide  if  an  effective  mag¬ 
netic  field  in  the  film  is  taken  to  be  equal  to  77=667  Oe.  The 
insignificant  difference  between  calculated  and  measured 
fields  may  be  due  to  anisotropy  of  YIG  and  demagnetizing 
effects.  The  ripple  in  the  frequency  response  with  a  period  of 
~40-10  MHz  is  conditioned  by  an  interference  between 
MSSW  and  a  direct  electromagnetic  induction.  The  ripple 
with  a  period  of  —4-5  MHz  in  a  narrow  lower  frequency 
region  (see  inset  in  Fig.  2)  may  be  due  to  a  change  in  the 
wave  dispersion  in  this  region  or  due  to  interference  between 
a  main  mode  and  higher-order  transverse  MSSW  modes 
propagating  in  the  structure  of  finite  width. 

At  input  signal  powers  Pm^  1-100  mW  an  increase  in 
the  transmission  loss  near  the  upper  edge  of  the  MSSW  band 
(curve  2  in  Fig.  2)  as  well  as  a  shift  of  the  lower  boundary 
frequency  of  up  to  A/^l  MHz  toward  smaller  frequencies 
were  observed.  Increase  in  the  loss  was  due  to  nonlinear 
three-wave  decay  processes  allowed  for  MSSW  only  in  the 
frequency  range  f> 2 yH(f  2*3.73  GHz  for  77=667  Oe).4  The 
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shift  of  the  lower  boundary  frequency  was  evidenced  of  a 
decrease  in  the  YIG  film  magnetization  of  about 
—0.7  G  at  high  powers  of  input  microwave  signal. 


FIG.  3.  Time-dependences  for  optical  MSSW  modulation  in  YIG  film:  (a) 
envelope  of  optical  pulses;  (b)  envelope  of  output  signal  for  “slow”  modu¬ 
lation,  /=  3624  MHz;  (c)  and  (d)  envelope  of  output  signals  for  “fast” 
modulation, /==  3563  MHz. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Two  kinds  of  MSSW  modulation  have  been  observed  by 
irradiating  the  YIG  structure  with  optical  pulses. 

At  low  levels  of  input  microwave  power  P in^l  mW, 
when  MSSW  frequency  was  positioned  within  the  regions  A 
or  B  on  the  frequency  response  (see  Fig.  2),  a  “slow”  am¬ 
plitude  modulation  of  MSSW  signal  with  the  magnitude 
V=(APout/Pout)l00%  of  up  to  4%  and  characteristic  relax¬ 
ation  time  about  of  ^—0.5  ms  was  observed  [see  Fig.  3(b)]. 
The  magnitude  of  modulation  was  increased  linearly  with  the 
increase  in  the  optical  power  (see  Fig.  4)  and  depended  criti¬ 
cally  on  the  light  beam  position  on  the  film  surface. 

This  type  of  MSSW  modulation  was  conditioned  by  a 
local  heating  of  the  garnet  film  due  to  absorption  of  optical 
energy.  The  heating  resulted  in  a  local  decrease  in  the  YIG 
magnetization  A(47tM)  and  provided  a  downward  shift  of  the 
whole  frequency  response,  which  gave  rise  to  an  increase  or 
decrease  in  the  output  microwave  signal  power.  Numerical 
calculations  showed,  that  under  the  influence  of  optical 
pulses  with  energy  of  W—  20  ycJ  and  duration  of  r=  2  ms  a 
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FIG.  2.  Measured  frequency  responses  of  MSSW  transmission  line  at  dif¬ 
ferent  levels  of  input  microwave  power  Pin,  mW:  1-0.5,  2-500. 
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YIG  film  area  of  —0.1  mm  diameter  was  heated  by  AT^IO 
K  and  then  cooled  with  a  characteristic  time  of  about 
t^O.5  ms.  Such  variation  in  the  temperature  corresponded 
to  a  local  changing  in  the  YIG  film  magnetization  by 
A(4ttM)~30  G. 

The  real  spatial  distribution  of  MSSW  high-frequency 
magnetization  m(r,/)  over  the  plane  of  a  garnet  structure  of 
finite  dimensions  is  essentially  nonuniform.  So,  to  provide 
maximum  efficiency  of  thermal  MSSW  modulation,  a  laser 
beam  should  be  focused  on  the  film  regions  where  the  mag¬ 
netization  m(r,/)  is  a  maximum.  It  seems,  this  approach 
may  be  used  as  an  indirect  method  to  measure  a  spacial 
distribution  of  MSW  fields  in  planar  ferrite  structures.5 

For  the  first  time,  at  high  levels  of  microwave  power 
Pin>l  mW  a  new  “fast”  modulation  of  MSSW  amplitude 
has  been  observed  in  a  narrow  frequency  region  (—10  MHz) 
just  above  the  lower  boundary  frequency  f  L  of  the  transmis- 
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Optical  power  I,  mW 

FIG.  4.  Magnitude  of  MSSW  modulation  rj  as  a  function  of  power  /  of 
optical  pulses:  1:  thermal  modulation;  2:  “fast”  modulation. 
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FIG.  5.  Magnitude  of  “fast”  MSSW  modulation  77  as  a  function  of  input 
microwave  power  P in. 


sion  band  (region  C  in  Fig.  2).  Characteristic  rise  time  and 
fall  time  for  such  a  modulation  were  equal  to  r2— 1  /is.  This 
was  approximately  102  times  less  than  the  rise  time  for  op¬ 
tical  pulses  [Fig.  3(c)].  For  certain  positions  of  optical  beam 
on  the  film  surface  the  microwave  pulse  was  delayed  with 
respect  to  the  optical  pulse  by  time  of  about  0.1-2  ms  [see 
Fig.  3(d)]. 

Figure  4  shows  a  typical  threshold-like  dependence  of 
magnitude  of  modulation  rj  versus  the  optical  power  7.  The 
“fast”  modulation  was  observed  only  for  optical  powers 
75=2-3  mW.  The  magnitude  of  modulation  was  increased 
almost  linearly  with  the  increase  in  7  and  was  saturated  at  the 
maximum  level  of  10%.  Figure  5  shows  a  typical  depen¬ 
dence  of  modulation  magnitude  rj  versus  input  microwave 
power  measured  at  maximum  power  and  fixed  position 
of  optical  beam  on  the  film  surface.  The  modulation  ap¬ 
peared  at  microwave  powers  of  about  Pin—  1  mW,  its  mag¬ 
nitude  reached  a  maximum  at  Pin— 10  mW,  the  modulation 
was  completely  vanished  for  microwave  power  Pin>100 
mW. 

The  results  described  led  to  the  conclusion  that  “fast” 
modulation  of  output  microwave  power  with  optical  pulses  is 
conditioned  by  nonlinear  properties  of  MSSW.  The  modula¬ 
tion  was  observed  in  the  frequency  region,  where  such  non¬ 
linear  phenomena  as  auto-oscillations,  formation  of  solitons, 
and  self-channelizing  of  MSW  can  take  place.  As  shown,6 
the  Lighthill  criterion 


(where  \u\2  is  the  dimensionless  power  of  the  wave)  is  not 
satisfied  for  MSSW  in  a  free  infinite  film  and  the  wave  is 
stable  with  respect  to  longitudinal  perturbations  of  ampli¬ 
tude.  However,  when  the  structure  has  a  finite  width  and  a 
metal  screen  is  present,  then  near  the  lower  boundary  fre¬ 
quency  f  L  (where  fc— >0)  the  MSSW  dispersion  law  is  consid¬ 
erably  modified  and  multimode  propagation  of  MSSW  takes 
place.7  This  can  create  conditions  such  that  the  Lighthill  cri¬ 
terion  is  satisfied  and  a  self-modulation  of  MSSW  appears.8 

Besides  that,  as  it  is  seen  from  the  inset  of  Fig.  2,  that 
frequency  response  of  MSSW  line  is  well  modulated  in  this 
region.  Such  a  shape  of  transmission  characteristic  together 
with  a  high  nonlinearity  in  the  system  can  result  in  a  bista¬ 
bility  and  arising  of  the  self-pulsations  in  the  transmitted 
microwave  power  is  analogous  with  bistability  in  optical 
systems.9  It  seems,  in  both  cases  a  heating  of  garnet  film  with 
optical  pulses  stimulated  transitions  in  the  system  from  one 
stable  state  to  another  resulting  in  a  modulation  of  output 
microwave  power.  A  small  value  of  transition  time  r2  was 
determined  by  the  microwave  characteristics  of  the  garnet 
film,  not  by  the  velocity  of  the  film  heating.  A  theory  describ¬ 
ing  stimulated  transitions  in  bistable  MSW  lines  and  resona¬ 
tors  is  under  development  now. 
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I.  INTRODUCTION 

The  spectra  of  microwave  excitations  in  magnetic  mul¬ 
tilayers  and  superlattices  provide  valuable  information  about 
the  structural  and  magnetic  parameters  of  the  sample.  In  par¬ 
ticular,  characteristic  parameters  of  exchange  coupling  be¬ 
tween  magnetic  layers  can  be  deduced.1”3  Typically,  the 
spectra  of  magnetic  excitations  in  multilayers  have  been 
studied  experimentally  by  either  ferromagnetic  resonance 
(FMR)  [wave  number  k~  0]  or  Brillouin  light  scattering 
(BLS)  [k~  105  cm”1].  It  is  important  to  have  a  theory  that 
covers  all  the  experimentally  accessible  wave  numbers. 

In  previous  related  work4,5  we  developed  an  analytic 
theory  of  BLS  in  magnetic  multilayers.  The  purpose  of  the 
present  paper  is  to  give  a  variant  of  this  approach  that  applies 
to  FMR.  We  take  into  account  both  dipole-dipole  and  ex¬ 
change  interactions  within  each  magnetic  layer.  The  inter¬ 
layer  exchange  coupling  through  a  nonmagnetic  spacer  is 
incorporated  phenomenologically  through  linearized  Hoff¬ 
man  boundary  conditions.1  Here  we  are  not  concerned  with 
the  mechanism  of  this  coupling  or  its  oscillations  (see,  e.g., 
Ref.  6).  We  assume  that  the  phenomenological  quantity  A12 
characterizing  the  strength  of  interlayer  exchange  coupling 
depends  exponentially  on  the  spacer  thickness  /  as 


tion  of  the  spacer  thickness  /  and  we  determine  the  charac¬ 
teristic  parameters  A°u  and  b. 


II.  TRANSFER  MATRIX  FORMALISM  FOR  A 
MULTILAYER 

We  use  a  traditional  transfer  matrix  formalism  (e.g.,  see 
Ref.  7  for  a  general  review  and  Refs.  8  and  9  for  specific 
applications  to  magnetic  multilayers)  to  derive  the  spectrum 
of  dipole-exchange  spin  waves  in  infinite  and  semi-infinite 
magnetic  multilayers  consisting  of  identical  magnetic  layers 
of  the  thickness  L  separated  by  nonmagnetic  spacers  of 
thickness  /.  For  waves  propagating  within  any  magnetic 
layer  j  we  write  the  wave  variables  (i.e.,  variable  magneti¬ 
zations  in  the  case  of  spin  waves)  in  the  form: 

n(r,z)  =  exp(zk*r)[A7+/+(z,#z)+AL/-(z,gz)],  (2) 

where  r  and  k  denote  the  in-plane  position  vector  and  wave 
vector,  respectively,  while  z  and  qz  are  the  coordinate  and 
wave  number  in  the  perpendicular  direction.  Also  f±  are 
appropriate  single-layer  eigenfunctions  representing  waves 
propagating  in  the  ±z  directions.  We  define  a  vector  repre¬ 
sentation  for  the  transverse  wave  amplitudes  in  the  form: 


Ai2  =  A?2  exp(-//fc),  (1) 

where  the  interaction  amplitude  A? 2  and  characteristic  length 
b  are  the  fitting  parameters  in  our  theory. 

In  contrast  with  existing  theories  of  FMR  spectra  in 
magnetic  multilayers3  we  do  not  assume  uniformity  of  the 
variable  magnetization  across  the  thickness  of  a  magnetic 
layer,  but  rather  calculate  this  distribution  for  each  value  of  a 
spacer  thickness  /  assuming  that  the  interlayer  exchange 
leads  to  a  renormalization  of  interface  pinning.4  Also  we  do 
not  introduce  effective  volume  uniaxial  anisotropies  in  the 
magnetic  layer  depending  on  interlayer  exchange  interaction, 
as  was  done  in  Ref.  3. 

Comparing  our  theory  with  recent  FMR  experiments  in 
Co/Pt  multilayers,2,3  we  find  that  we  can  explain  the  behavior 
of  the  collective  quasi-surface  mode  of  the  FMR  as  a  func¬ 


(3) 


Using  the  boundary  conditions  to  account  for  the  inter¬ 
action  of  adjacent  magnetic  layers  via  the  spacer,  we  obtain 
|A*/+1)=  r|A;),  where  T  is  a  2X2  transfer  matrix7  of  the 
system.  On  the  other  hand,  the  translational  symmetry  of  an 
infinite  superlattice  yields  Bloch’s  theorem,  i.e., 
| A-7 + 1 )  =  exp(/ QL0)  \Aj),  where  Q  is  the  Bloch  vector  (or  the 
wave  vector  of  a  collective  excitation  envelope  in  a 
multilayer)  and  L0=L+/  is  the  periodicity  length  in  our 
problem.  Combining  the  above  relationships  we  obtain  an 
equation  for  Q  and  qz  in  the  form: 


cos(j2L0)=-Tr  (T(tfz)), 


(4) 
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The  modes  form  continuous  bands  with  Q  real.  The  bound¬ 
aries  correspond  to  putting  cos(QL0)  =  ±l  in  Eq.  (4),  yield¬ 
ing  conditions  satisfied  by  wave  number  qz . 

In  the  case  of  a  semi-infinite  multilayer  there  may  also 
be  surface-like  solutions  with  imaginary  Q  in  addition  to  the 
bulk-like  (real  Q)  modes.  The  presence  of  a  surface  yields 
the  boundary  condition  at  the  top  surface,  having  the  general 
form  of  C+A  +  +  C_A_  =  0,  giving 

C-(Tn-exp(-iQL0))-C+Tn=0.  (5) 

The  solution  of  Eqs.  (4)  and  (5)  yield  the  values  of  qz  and  Q 
for  the  surface  and  bulk  modes  of  a  semi-infinite  multilayer. 
If  the  structure  is  finite,  the  formalism  can  be  extended  to 
account  for  another  boundary  condition  at  the  lower  surface 
of  the  multilayer.  This  makes  the  bulk  modes  quantized  and 
also  modifies  the  surface  mode  frequencies. 

We  now  assume  that  the  normal  spin  wave  (SW)  modes 
in  each  layer  are  eigenfunctions  of  the  intralayer  exchange 
operator,  i.e.,  f±(z,qz)=txp(±iqzz)  as  in  Ref.  10.  This 
yields  the  dispersion  relationship  in  the  form: 

«k«  =  ww+awM(k2  +  ^),  (6) 

where  a)H=y{H~47rM0 ),  <uM=7(47rMg),  yis  the  gyromag- 
netic  ratio,  a=Af(27rMl)  is  the  exchange  constant,  47tM0  is 
the  saturation  magnetization,  and  H  is  the  external  bias  mag¬ 
netic  field  (directed  perpendicular  to  the  layers). 

With  surface  anisotropy  and  interlayer  exchange  in¬ 
cluded  and  following  the  notations  of  Ref.  6,  we  may  write 
the  linearized  Hoffman  boundary  conditions1,4  in  the  form: 


drrij+i 

dz 


+  (du+ /3)mj+ ! 


|ower  0) 

upper 


drrij 

dz 


+  ( dL-\-  f3)rrij 


Upper=0 

lower 


(7) 


(2)  Short-wavelength  exchange  waves ,  k!>l  (normally,  of 
order  of  magnitude  106  cm-1  and  larger).  In  this  case  the 
dipolar  contribution  to  the  energy  of  the  wave  is  small 
because  of  the  long-range  character  of  the  weak  dipole- 
dipole  interaction. 

Using  the  perturbation  theory  developed  in  Ref.  10  it  is 
possible  to  obtain  SW  dispersion  relations  in  magnetic  mul¬ 
tilayers  for  any  values  of  k.  In  particular,  this  was  done  in 
Ref.  5  for  the  interpretation  of  BLS  experiments. 

With  the  assumed  form  for  f±(z,qz)  and  denoting 
dL,u~dL'V + we  get  the  following  equations  for  qz  and  Q 
in  the  case  of  a  semi-infinite  multilayer: 


(1)  Bulk  band  boundaries  (qz  and  Q  real,  cos(j2T0): 

cos  (qzL)  0  _  sin  (qzL) 

(' dj+dv )  —  \~{qz  +fi2~qLdv)  =  —  1 

(2)  Surface-type  solutions  ( qz—iK ,  Q~  iK ) : 


±1): 

(9) 


[0l  +  (K-du)(K  +  dL)] 


cosh(  k)[P2  -  (ds u  +  d  v) 


X(dL-dsu)]  + 


'-^-[^Hd^+du) 


X  (k1  —  dLdsu)] 


=  0 


(10) 


p^jSIqr^[/32-(dsu+du)(dL+  /c)]=  -exp(/sTL0) 

(ID 

Now,  solving  Eqs.  (10)  and  (11),  we  obtain  the  values  of  K 
and  k  for  a  quasi-surface  collective  mode.  Equation  (10) 
holds  in  either  of  two  cases: 

(1)  /?2  +  (/c  —  dv)(K+  dL)  =  0,  which  gives 


for  the  bulk  layers,  and 


dml 

~dz 


+  dsum 


l 


=  0; 

upper 


dmN 

dz 


+  dSLm  N 


=  0 

lower 

(8) 


for  the  external  surfaces  of  the  multilayer.  Here  is  the 
variable  magnetization  in  layer  j,  du,  and  dL  are  the  pinning 
parameters  at  the  upper  and  lower  surfaces  of  each  magnetic 
layer,  while  dsu  and  dSL  are  the  pinning  parameters  at  the 
upper  and  at  the  lower  external  surfaces  of  the  multilayer, 
respectively.  Pinning  parameters  d=KsIA ,  measured  in 
cm-1  units,10  are  determined  by  the  ratio  between  the  con¬ 
stant  of  surface  anisotropy  Ks  and  the  exchange  constant  A . 
Parameter  /3=A12/A  is  also  measured  in  cm-1  and  character¬ 
izes  exchange  coupling  between  the  magnetic  layers.4 

Equations  (7)  and  (8)  correspond  to  the  SW  modes  in  an 
exchange  approximation,  with  the  dipole-dipole  interaction 
taken  into  account  only  in  the  lowest  order.  This  approxima¬ 
tion  is  adequate  in  two  physical  situations: 


(1)  FMR  and  Long-wavelength  SW.  In  this  case  k^0;  the 
dipole  interaction  is  close  to  saturation  and  results  only 
in  an  effective  renormalization  of  the  uniform  Zeeman 
field  by  a  demagnetization  field  (in  coH). 


Ku-ildv-d^Wu  d[f2  +  4(01  dvdL )],  (12) 

(2) 

COSh(K)[0l-(dSU  +  du)(dL-dSU)]+ 

K 

X  [p2dSU+  (dSU+  dy)(K2  -  dLdSU )]  =  0.  (13) 

Case  (1)  represents  solutions  independent  of  the  value  of  the 
first  layer  surface  anisotropy  dsu ,  while  Case  (2)  accounts 
for  it.  The  question  of  which  solutions  really  exist  in  the 
system  depends  on  the  consistency  condition  for  £>0. 

III.  COMPARISON  WITH  FMR  EXPERIMENTS 

The  above  formalism  is  now  applied  to  interpret  the 
FMR  results  obtained  by  Zhang  et  al?  for  Co/Pt  multilayers 
with  different  values  of  the  spacer  (Pt)  thickness. 

We  assume  that  pinning  conditions  on  both  sides  of  each 
individual  layer  are  the  same,  du-dL=d.  In  this  case  the 
dispersion  relation  at  k=0,  corresponding  to  the  solution  of 
Eq.  (12),  reads: 

o)—  u)H~  aa)M(d  +  /3(/))d,  (14) 
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FIG.  1.  FMR  resonance  field  vs  spacer  thickness  for  a  Co/Pt  multilayer  for 
a  quasi-surface  collective  mode.  Circles-experimental  data  [Ref.  3];  solid 
line-theory  [Eq.  (14)].  See  text  for  the  parameters. 

where  /?(/)=A12(/)/A  depends  on  the  spacer  thickness  /  in 
accordance  with  Eq.  (1). 

Equation  (14)  describes  correctly  all  the  main  features  of 
the  behavior  of  the  quasi-surface  collective  FMR  mode  in  a 
Co/Pt  multilayer  observed  in  Refs.  2  and  3.  In  particular,  it 
accounts  for  the  decrease  of  the  resonance  field  with  increas¬ 
ing  spacer  thickness,  which  was  not  explained  by  the  theory 
of  FMR  presented  in  Ref.  3. 

The  results  of  fitting  Eq.  (14)  to  the  experimental  data3 
are  shown  in  Fig.  1.  We  took  A=2.84X10~6  erg/cm  for  the 
intralayer  exchange  constant  in  Co  layers  of  thickness  L~ 25 
A,  the  surface  anisotropy  constant  at  the  Co/Pt  interface  to  be 
Ks=Ad=0A  erg/cm2,  and  a)fy=  3.5  kG.  The  best  fit  was 
obtained  for  the  following  values  of  the  parameters:  A? 2=20 
erg/cm2,  b=3.1  A,  and  4ttM0=1900  Oe.  Differences  in  our 
values  and  the  values  quoted  in  Ref.  3  [A?2  =  (70±5) 
erg/cm2,  b=(l±l)  A]  can  be  attributed  to  the  fact  that  our 
theory  accounts  for  the  nonuniform  distribution  of  variable 
magnetization  within  the  magnetic  layers,  which  effectively 
renormalizes  the  parameters  of  exchange  coupling  between 
the  layers. 

Another  characteristic  feature  of  the  quasi-surface  col¬ 
lective  mode  of  FMR,  for  which  the  frequency  is  given  by 
Eq.  (14),  is  that  its  intensity,  calculated  as  a  normalized  over¬ 
lap  integral  of  the  magnetization  distribution  in  this  mode 
and  the  uniform  magnetic  field  exciting  the  FMR  in  a 


FIG.  2.  Theoretical  FMR  response  intensity  vs  spacer  thickness  for  a  Co/Pt 
multilayer.  See  text  for  the  parameters. 

multilayer,  decreases  with  increasing  spacer  thickness  (see 
Fig.  2).  This  is  also  in  agreement  with  experiment.3 

IV.  CONCLUSION 

By  applying  the  transfer  matrix  formalism  to  semi¬ 
infinite  magnetic  multilayers,  we  obtained  a  simple  analyti¬ 
cal  expression  for  the  spectrum  of  a  quasi-surface  collective 
mode  of  FMR,  which  turns  out  to  be  in  good  qualitative 
agreement  with  the  experimental  data  for  the  behavior  of  a 
quasi-surface  collective  mode  of  FMR  in  a  Co/Pt  multilayer 
when  the  spacer  (Pt)  thickness  is  varied. 
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The  nonlinear  coherent  interaction  of  a  high-frequency  acoustic  wave  pulse  with  a  magnetically 
ordered  medium  is  studied  theoretically.  We  consider  both  microscopic  and  phenomenological 
theories  of  the  formation  of  nonlinear  magneto-acoustic  waves  in  a  ferromagnet.  A  self-consistent 
determination  of  the  dispersion  law  for  nonlinear  magneto-acoustic  waves  in  a  ferromagnet  is 
carried  out.  It  is  shown  that  in  both  of  these  theories  nonlinear  excitations  arise  which  can  be  of  the 
form  of  a  periodic  nonlinear  wave,  a  soliton,  or  a  kink.  The  nature  of  the  change  of  polarization  of 
transverse  linearly  polarized  magneto-acoustic  waves  is  also  investigated.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)75 108-5] 


I.  INTRODUCTION 

The  propagation  of  an  acoustic  wave  in  a  magnetically 
ordered  medium  (MOM)  is  accompanied  by  its  interaction 
with  spin  waves,  which  leads  to  the  formation  of  a  bound 
magneto-acoustic  wave  (MAW).  When  the  acoustic  wave  is 
weak,  the  degree  of  excitation  of  the  magnetic  system  of  the 
MOM  is  sufficiently  low  that  properties  of  the  MAW  can  be 
adequately  described  within  the  framework  of  the  linear 
theory  of  these  waves,  which  has  been  extensively 
developed.1,2  With  an  increase  of  the  intensity  of  the  acoustic 
wave  the  situation  changes  significantly.  Under  the  action  of 
a  strong  acoustic  wave  a  macroscopically  large  number  of 
excitations  occur,  at  least  locally.  In  a  MOM  under  strong 
excitation  of  the  spin  system  various  nonlinear  phenomena 
can  arise,  which  are  due  to  nonlinear  magneto-acoustic  inter¬ 
actions.  Some  of  them  have  been  investigated  in  detail  in 
Refs.  3  and  4.  In  addition  to  these  nonlinear  phenomena, 
great  interest  attaches  to  nonlinear  effects  which  arise  due  to 
the  nonlinear  coherent  resonant  interaction  of  an  acoustic 
wave  with  a  MOM,  and  lead  to  the  formation  of  nonlinear 
MAW  of  an  invariable  profile.  Such  a  wave,  for  example,  can 
have  the  form  of  a  soliton.  Some  properties  of  these  nonlin¬ 
ear  waves  have  been  investigated  in  considerable  detail.  In 
particular,  in  Refs.  5-7  a  microscopic  theory  of  nonlinear 
MAW  was  constructed  on  the  basis  of  the  Heisenberg  model 
of  a  ferromagnet.  In  these  papers,  for  a  self-consistent  deter¬ 
mination  of  the  dispersion  law  of  these  waves  the  method  of 
Goll  and  Haken,  applied  earlier  for  the  investigation  of  non¬ 
linear  optical  waves  in  the  exciton  region  of  the  optical 
spectrum,8  was  used.  However,  in  the  corresponding  equa¬ 
tions  in  Refs.  5-7  the  speed  of  magnons  was  not  taken  into 
account.  With  the  phase  plane  method  it  was  shown  that 
nonlinear  waves  having  the  forms  of  a  soliton,  a  kink,  and  a 
nonlinear  periodic  wave  can  occur  in  this  system,  but  explicit 
expressions  for  the  forms  of  the  parameters  on  which  these 
waves  depend  were  not  presented.  This  was  also  the  case  in 
the  presentation  of  a  corresponding  phenomenological  theory 
that  proceeded  from  the  Landau-Lifshitz  equations  and  the 
equations  of  the  theory  of  elasticity.9,10 

In  the  present  paper  we  present  microscopic  and  phe¬ 
nomenological  theories  of  the  formation  of  nonlinear  MAW, 
and  the  nature  of  the  change  of  their  polarization,  when  the 


speeds  of  magnons  as  well  as  the  speeds  of  coherent  phonons 
are  taken  into  account.  Explicit  expressions  for  the  param¬ 
eters  of  these  nonlinear  MAW  are  also  presented. 


II.  MICROSCOPIC  THEORY  OF  NONLINEAR  MAW 

For  a  microscopic  determination  of  the  basic  features  of 
the  formation  of  nonlinear  MAW  in  a  ferromagnet  we  pro¬ 
ceed  from  the  Heisenberg  model  of  a  cubic  ferromagnet.  We 
assume  that  a  transversely  polarized  MAW  propagates  in  it 
along  a  constant  magnetic  field  H0  which  is  parallel  to  the 
z-axis.  The  duration  of  the  pulse  is  T<Ti2,  where  Tx  and  T2 
are  the  longitudinal  and  transverse  relaxation  times,  and  its 
frequency  is  a)>T~l.  We  consider  the  nonlinear  coherent 
interaction  of  this  pulse  with  the  ferromagnet. 

The  Hamiltonian  of  the  model  investigated  has  the  form 

H=ho)0^  52  — A2  (S-)2  +  ft2  (Jt)kakak 

i  i  k 


“2  8ijS)Szr  2  VijSfSJ 

i*j  1  i*j  1 

-b  I  2  (s?szie-  +  s;szie+)dv,  (1) 

JVl+j  J  J 

where 

8ij  =  Jirldij  •  VirJU+  mi1j  *  b=  72^7/VMo)2, 


«2 


Kaf  exp [±i((Qkt—kl)], 


K=k 


N0h  y 

8  pcoVj 


A  =  2  fi- 


a)0=yH0  is  the  Zeeman  frequency  of  the  spins,  where  y  is 
the  magnetomechanical  ratio;  S,  is  the  spin  of  the  atom 
which  is  at  the  /th  site  of  the  crystal;  J is  the  coefficient  of 
the  exchange  interaction  between  spins  (7^>  0  for  a  ferro¬ 
magnet);  ifj  is  the  coefficient  of  the  magnetic  dipole-dipole 
interaction;  /3  is  the  Bohr  magneton;  y2  is  the  magneto¬ 
acoustic  coupling  constant;  M0  is  the  saturation  magnetiza¬ 
tion;  €ik(i,k=x,y,z)  are  the  components  of  the  strain  tensor; 
p  is  the  mass  density  of  the  medium,  u0  is  the  volume  of  a 
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primitive  unit  cell  of  the  crystal,  and  V  is  the  volume  of  the 
crystal;  ak  and  ak  are  the  creation  and  annihilation  operators 
of  the  phonon  with  wave  vector  k,  while  c ok  is  the  frequency 
of  the  jfc*  phonon  mode;  h  is  the  Planck  constant;  [i  is  the 
anisotropy  parameter;  /  is  the  discrete  coordinate  along  the 
z-axis;  and  N0  is  the  number  of  lattice  sites  in  the  crystal. 

From  the  expression  (1),  we  obtain  the  equations  of  mo¬ 
tion, 

a*m±  =  ±i((i)0-co—qN)m±±i/30[2N2^± 

-m±m+g±-(m±)2tr] 

a*N=ip0N(m  +  g~-m-g+)  (2) 

=  +T(ft)  —  ctk)  +  ifi0k2Nm±, 

where  a=l-c,lv,  a*  =  \-umlv,  with  v  the  velocity  of  the 
nonlinear  wave;  c,  is  the  speed  of  transverse  acoustic  waves, 
and  um  is  the  speed  of  magnons;  (30=b/h\q  =  2[G(0) 
-M(k)],  and  M(k)  and  G(k)  are  the  Fourier  transforms  of 
the  quantities  r)H  and  gn,  respectively.7  The  quantities 
N ,m±,  and  are  defined  by  N=(SZ),  { Sf ) 

=  m±e±i(o>,~kl\{e±)  =  ^±e±i(wt~kl).  The  coordinate  t  is 
defined  by  T=t- II v,  and  the  dot  denotes  differentiation  with 
respect  to  r.  Using  the  initial  conditions  for  the  acoustic 
wave  and  magnetization  that  no  magnons  are  excited  before 
the  acoustic  wave  impinges  on  the  medium,  i.e.,  at  t— >  — °°, 
>0,  N=  — 1/2,  then  from  Eqs.  (2)  we  obtain 


m+m  +  N2  =  —  ,N=  —  —+g&+%~ , 


where  g  —  —  a/ a*  k2. 

Taking  into  account  these  relations  and  decomposing  the 
complex  amplitudes  &±=ae±i®  into  their  modulus  a  and 
phase  <1>,  from  Eqs.  (2)  we  obtain  the  following  differential 
equation  for  the  phase, 


where  A  =  <o  —  ctk,  A—u>Q—a)+q/2,  G  —  qa/4-K2a*~.  We  as¬ 
sume  that  k  is  the  central  momentum  and  oj  the  central  fre¬ 
quency  of  the  pulse.  Therefore  must  not  contain  a  constant 
part.  Consequently 

<i>=  -Ga2, 


and 


A  A 


a  a*  ’ 


(3) 


which  is  the  dispersion  law  for  the  nonlinear  wave. 

From  Eqs.  (2)  we  also  obtain  the  equation  for  the  ampli¬ 
tude  of  the  pulse 

(a)2  =  T~2a2  +  Cia4  +  c2a6  +  c3a&,  (4) 

where 
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and  the  quantity  G0  is  the  magnon-phonon  coupling  con¬ 
stant.  Expressions  (3)  and  (5)  contain  the  velocities  um,  v, 
and  c,  as  parameters.  An  analysis  of  Eq.  (4)  can  be  carried 
out  in  the  same  way  as  this  was  done  in  Ref.  7,  where  it  was 
shown  that  nonlinear  MAW  having  the  form  of  a  soliton,  a 
kink,  or  a  nonlinear  periodic  wave  can  occur. 


III.  PHENOMENOLOGICAL  THEORY  OF  NONLINEAR 
MAW 


In  the  phenomenological  theory  it  is  assumed  that  the 
state  of  a  MOM  can  be  described  by  the  magnetic  moment 
density  M(z).  The  macroscopic  energy  density  of  the  me¬ 
dium  can  be  represented  as  W=  W’,,  +  Wm+Wmp ,  where  Wp , 
Wm ,  Wmp  are  the  densities  of  the  elastic  energy,  the  magnetic 
energy,  and  the  energy  of  the  magnon-phonon  interaction, 
whose  forms  can  be  found  in  the  monographs.1,2 

The  equations  of  motion  for  the  magnetization  M  and 
for  the  acoustic  wave  have  the  forms 


dM- 


dt 


■=±i(o0M±±iF] 


s2m7 


<?z 


dlM 


±iF- 


M2z-l-M+M-\e±-l-(M±)2e4 


m,  F,  /  _  S2M * 

~dT ='T  M  a? 


-M 


d2M~ 
dz 2 


+  iyM!(M+e'-rf+), 


d2e±  ,  d2e± 
dt2  ~C‘ 


where 


G  = 


72 

2  pM2’ 


F,= 


2  Ay 

~mT’ 


F,= 


2yy2 

Ml  ’ 


and 


M±  =  Mx±iMy. 

The  constant  A  appearing  in  the  definition  of  the  coefficient 
F]  is  the  coefficient  of  rigidity  of  the  medium. 

We  can  simplify  these  equations  significantly  by  using 
the  method  of  slowly  changing  profile.  For  this  purpose,  we 
represent  the  functions  M±,  Mz ,  and  e±  in  the  forms 

M±  =  m±e±i(wl~kz),  Mz  =  M0  +  mz,  e±  =  g±e±i(Mt~kz), 

where  m±,  mz,  ^±=ae±i<b  are  slowly  varying  amplitudes. 

Substituting  these  expressions  in  the  equations  of  motion 
we  obtain 


aTm±=  ±i(co0-  a)  +  qMz)m± 

±ij8[(2M2-m±m±)l4-(m±)2r], 

^Mz=i~pMz{m  +  %--m-&lr),  (6) 
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a&±  =  +  ik0&±±igMzm± , 

where  q  =  Flk1,  g—  y2k2/4p(oMl,  a=l—c2k/a)v,  <5* 
=  1  ~vm/v,  vm  =  4Ayk/M0  is  the  magnon  velocity, 
A0=(w2— c2£2)/(2co),  and  /3=F2/2.  Using  the  initial  condi¬ 
tions  for  the  acoustic  wave  and  magnetization  in  the  same 
way  as  this  was  done  in  Sec.  II,  from  the  set  of  equations  (6) 
we  obtain  the  differential  equation  satisfied  by  the  phase 
function 

$>=Ga2, 

the  dispersion  law 


and  the  equation  for  the  amplitude  of  the  nonlinear  wave 
(d)2=To2a2  +  Cia4+  C2a6+  C3a\ 
where 


R 2 


1  0  — gr  ~ 

a *  a 


2t2__2\2 
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2  a>a 


, 8oMo8 2 


C,-|  54*4-2^4 


c,= 


88lV 


G~TT^’  A 0=(o0-a)  +  qM0,  R  =  2g/3M30, 


(8) 


a/3 


Comparing  Eqs.  (3)  and  (5)  with  Eqs.  (7)  and  (8)  we  see 
that  the  results  of  the  microscopic  and  phenomenological 
theories  are  quite  similar  to  each  other. 


IV.  POLARIZATION  OF  NONLINEAR  MAW 


For  describing  the  state  of  polarization  of  the  nonlinear 
MAW  we  consider  a  linearly  polarized  transverse  wave 
(LPTW)  which  propagates  along  an  external  constant  mag¬ 
netic  field  of  magnitude  H0 .  By  the  use  of  the  methods  of 
Ref.  11,  we  obtain  the  following  expression  for  the  angle  of 
rotation  of  the  plane  of  polarization  of  the  nonlinear  MAW, 


g20  It2 

2C,  l+l2T2Z’ 


(9) 


where 


As  the  nonlinear  MAW  propagates,  it  becomes  elliptically 
polarized  as  well.  The  ratio  of  the  lengths  of  the  small  b  and 
large  a  elliptic  axes  follows  from 


(M  _!/+-/- 1 
Wn/  /++/-' 


(10) 


where  /+  and  /_  are  to  within  a  constant  factor  the  forms 
(shapes)  of  the  clockwise  and  counterclockwise  polarized 
components  of  the  LPTW  pulse.  In  the  linear  limit  the  angle 
of  rotation  of  the  plane  of  polarization  is 

G2 

<A/= - (ii) 

2  c,  A 

and  the  ratio  of  the  lengths  of  the  small  and  large  elliptic 
axes  in  the  absence  of  dissipation  is  equal  to  zero,  i.e.,  the 
linear  wave  remains  linearly  polarized  as  it  propagates.  In  the 
presence  of  dissipative  effects  /+  =  l,/_=exp(-a0z)  (where 
a0  is  the  absorption  coefficient)  and  we  have 

/ b\  _  / cosh(a0z)“  1  \ 1/2 
\a)  ^  \cosh(a0z)+ 1/ 

i.e.,  in  the  general  case  elliptic  polarization  of  the  wave  oc¬ 
curs. 

From  expressions  (9)  and  (11)  for  the  angle  of  rotation  of 
the  plane  of  polarization  it  is  seen  that  the  values  of  ip  in  the 
linear  and  nonlinear  limits  differ  considerably  in  their  depen¬ 
dences  on  A.  In  particular,  in  the  linear  limit,  with  the  fre¬ 
quency  a)  approaching  o)Q+U2q,  the  angle  ip^  increases  and 
tends  to  its  maximum  value  while,  on  the  other  hand,  for  a 
nonlinear  magneto- acoustic  wave,  as  A-~>0  the  angle  \pn / 
tends  to  zero,  i.e.,  there  is  no  rotation  of  the  plane  of  polar¬ 
ization. 

The  nature  of  the  variation  of  the  ratio  b/a  is  also  sig¬ 
nificantly  different  in  the  linear  and  nonlinear  limits.  From 
Eq.  (10)  it  is  seen  that  as  the  nonlinear  LPTW  propagates,  it 
transforms  into  an  elliptically  polarized  wave.  In  this  case 
the  nature  of  the  transformation  depends  on  the  form  of  the 
pulse  /+  .  At  the  values  of  z  for  which  /+  =/_  the  magneto¬ 
acoustic  wave  is  linearly  polarized. 

V.  CONCLUSION 

In  the  present  paper  we  have  shown  that,  due  to  the 
nonlinear  coherent  interaction  of  an  acoustic  pulse  with  a 
ferromagnet,  nonlinear  MAW  of  the  type  of  a  soliton,  kink, 
or  nonlinear  periodic  waves  can  arise.  The  nonlinear  disper¬ 
sion  laws  (3)  or  (7)  are  valid  for  these  waves,  which  contain 
the  speed  of  the  nonlinear  wave  as  well  as  the  speeds  of 
magnons  and  coherent  phonons. 
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INTRODUCTION 

Magnetostatic  spin  waves  (MSW)  propagating  in  ferrite 
films  are  very  sensitive  to  conditions  at  the  film  surface  and 
to  the  external  magnetic  field.  These  properties  may  be  used 
to  control  the  propagation  and  the  interaction  of  MSWs  by 
means  of  weak  nonuniformities  created  in  the  film.  The  effi¬ 
cient  reflection  of  MSW  in  a  periodically  corrugated1  or  pe¬ 
riodically  ion-implanted2  films  and  the  scattering  in  a  static 
space-periodic  magnetic  field3  have  been  demonstrated.  A 
dynamic  nonuniformity,  such  as  surface  acoustic  wave, 
propagating  in  the  same  film  may  be  used  to  control  MSW 
propagation  as  well.4 

This  paper  presents  the  theory  describing  parametrical 
interaction  of  magnetostatic  backward  volume  waves  (MSB- 
VWs)  in  a  ferrite  film  placed  in  a  weak  space-time  periodic 
magnetic  field.  Such  a  field  may  be  easily  created  by  passing 
an  ac  current  through  a  meander  line  conductor  placed  near 
the  film  surface.5  The  collinear  MSBVW  scattering  accom¬ 
panied  by  conversion  of  the  wave  number  and  the  frequency 
has  been  investigated. 


THEORY  OF  COLLINEAR  MSBVW  INTERACTION 

Consider  a  y-z  plane  oriented  ferrite  film  of  the  thick¬ 
ness  d ,  saturation  magnetization  47tM,  and  FMR  line  width 
A  H,  which  is  saturated  with  an  external  dc  magnetic  field  H 
along  the  z  axis.  A  metal  lattice  of  the  period  A,  strip  width 
a ,  and  thickness  b  is  placed  at  a  distance  t  above  the  film 
surface. 

The  characteristics  of  MSW  propagating  in  a  free  film 
are  found  by  solving  the  Maxwell’s  equations  (without  retar¬ 
dation)  and  the  linearized  equation  of  motion  of  the  magne¬ 
tization  with  boundary  conditions  at  the  film  surfaces.6  The 
dispersion  equation  for  MSBVW  propagating  along  the  z 
axis  has  the  form: 

tg(kdl  yj-  jil)  =  -2  V"  W(1  +  /*)>  (1). 

where  /x—  1  +  o)Ho)MI[o)2(k)  —  <oH2]9  a)0=  yJa)H(a)H+o)M), 
a)H=  yH ,  and  coM=  y  is  the  gyromagnetic  ratio. 


Equation  (1)  gives  the  dependence  of  the  wave  fre¬ 
quency  ( o(k )  versus  the  wave  number  k  for  eigenmodes  with 
numbers  rc=l,2,...  having  symmetrical  or  antisymmetrical 
distributions  of  magnetostatic  potential  across  the  film 
thickness. 

Let  an  ac  current  7=/0cos(flO  with  the  frequency  ft 
pass  through  the  metal  lattice  so  that  currents  in  the  neigh¬ 
boring  strips  flow  in  opposite  directions.  Such  a  current  dis¬ 
tribution  creates  a  space-time  periodic  magnetic  field  in  the 
film  that  may  be  represented  as  a  sum  of  “magnetic  waves” 
propagating  in  opposite  directions  along  the  z  axis: 

CO 

h{z,t)  =  Z  2  hlsei(sK‘z~a,)  +  c.c.,  (2) 

;=  l  s=±i 

where  Kx  =  ttI/A  and  s  determines  the  direction  of  propaga¬ 
tion. 

The  amplitudes  of  the  magnetic  waves 
hl  s=(h\'s are  determined  by  the  current  magnitude 
/0  and  by  the  geometrical  parameters  of  the  structure. 

In  the  presence  of  the  modulating  field  the  MSW  poten¬ 
tial  ^  should  be  represented  as  a  sum  of  the  harmonics:7 

m  —  oo  oo 

■9=  2  2  2  Amisei{smKlZ-mSl,)ei(kz-wt)  +  c.c., 

m  =  —co  /—I  s  =  ±  1 

(3) 

where  Amls  are  the  amplitudes  of  the  harmonics.  The  har¬ 
monics  are  shifted  relative  to  each  other  in  frequency  and 
wave  number  by  the  vector  (smKx,  mil).  In  the  zero  ap¬ 
proximation  for  the  small  parameter  s=h!H<  1  the  harmon¬ 
ics  do  not  interact  and  their  dispersion  is  given  by  Eq.  (1). 
When  terms  which  are  first  order  in  s  are  considered,  the 
modulating  field  results  in  the  interaction  of  harmonics.  The 
strongest  interaction  takes  place  for  harmonics  with  the 
neighboring  numbers  m  =  0  and  m=  ±  1  and  K=  ir/A,  when 
the  following  phase-matching  conditions  are  satisfied: 

k±  =  k±K,  to(k±)  =  a>(k)±sSl,  s=±  1.  (4) 

Figure  1  shows  the  MSBVW  dispersion  curves  and  dem¬ 
onstrates  that  the  character  of  interaction  depends  on  the 
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FIG.  1.  Diagram  for  MSBVW  scattering  in  a  space-time  periodic  magnetic 
field. 


value  of  the  magnetostatic  wave  number  k  and  the  lattice 
wave  number  K.  If  k>K  only  forward  scattering  takes  place. 
If  k<K  forward  as  well  as  backward  scattering  is  allowed.  In 
general  the  offsets  of  scattered  wave  frequencies  co+  and  a>_ 
from  the  incident  wave  frequency  o)  are  different. 

Interaction  in  a  weak  modulating  field  (h!H<  1 )  is  well 
described  by  the  theory  of  coupled  waves.  Solution  of  the 
problem  to  the  first  order  in  e,  gives  the  system  of  coupled 
equations: 


dA  + 

dA+  .  . 

(5a) 

*  +y+ 

,  4-  iSco+A  +  +  corA  _ 

dz  . 

=  0, 

dA_ 

dA _  .  . 

(5b) 

— j —  ±V_ 
dt 

,  +  i  Soj_A  _  +  oo  r  A  + 

dz 

=  0, 

where  A±,  V±  —  d(x)±ld.k ,  Sa>±—  yAH,  and  o)c±  =  coc  are 
the  amplitudes,  group  velocities,  damping  coefficients,  and 
coupling  coefficients  of  interacting  waves,  respectively.  The 
signs  +  and  —  in  the  second  equation  correspond  to  the 
forward  and  backward  scattering,  respectively. 

The  coupling  coefficients  for  waves  with  identical 
((ocs)  and  different  Oca)  symmetries  are  given  by  the  ex¬ 
pressions: 

hz  (oM{o)2H+o)l)  ihx  (o2m  fkd_ 

(°cs  4irM  2coh(oq  9  C°ca  47 tM  co0  v  2  * 

From  Eq.  (6)  one  can  see  that  coupling  is  strongest  for 
identical  modes  and  is  almost  independent  on  the  frequency. 
The  coupling  for  different  modes,  on  the  other  hand,  sharply 
decreases  with  decreasing  wave  number. 

The  efficiency  rj  of  the  MSBVW  interaction  can  be 
found  by  solving  Eq.  (6)  with  the  proper  boundary  condi¬ 
tions  at  z  =  0  and  z  =  L.  For  forward  scattering  and  a  strong 
coupling  o)c  >  Set)  one  can  obtain  the  following  expressions: 


FIG.  2.  Frequency  response  (a)  and  phase  response  (b)  of  the  MSBVW 
transmission  line  containing  a  500  /xm-period  meander  imposed  on  the  YIG 
film  surface  in  the  absence  of  modulation  magnetic  field. 


Vf+  = 


A+(z  =  L) 
A(z  =  0) 


4 


=  cos  2(£iL)  + 


KAv 
1  +  A2  A?, 


sin2(^1L)-e  &L, 


(7a) 


A-(z  =  L)  |sin(giL)| 

A(z  =  0)  Vl  +  A^Ay e 


(7b) 


where  £,  =  (a>c/V)(l  +  A2  •  Ay)1/2,  £2=  SwV,  Aw= iw/w, 
A^=AV/V,  mdAo)=(o±  -  wandAV=  V±  -  Varethefre- 
quency  detuning  and  difference  in  the  group  velocities  of  the 
interacting  waves  respectively,  V=(V+  +  V_)/2.  The  effi¬ 
ciency  reaches  its  maximum  at  exact  frequency  matching 
condition  Ao>  =  0  for  (dcL<itI2,  and  it  may  have  a  maxi¬ 
mum  at  Aco^O  when  (dcL>7t/2  is  fulfilled.  Amplitudes  of 
the  interacting  waves  decay  and  oscillate  along  the  z  axis  as 
the  group  velocity  V  decreases  due  to  the  decrease  of  the 
effective  interaction  length.  For  the  backward  single-mode 
scattering  on  a  long  magnetic  lattice  ( LfV>  V^2+  8m2),  the 
efficiency  is  given  as 


\Ao)  +  iS(x)+  yj(A(o  +  iS(o)2  —  u>2c\ 

From  Eq.  (8)  it  follows  that  the  frequency  detuning  is 
A 0)^0) c  in  the  case  of  strong  coupling,  and  Ao)^  Sco  in  the 
case  of  strong  damping.  Estimation  of  the  coupling  coeffi¬ 
cient  and  the  efficiency  of  MSBVW  scattering  from  Eqs.  (6) 
and  (7)  and  the  values  of  parameters  listed  below  give  the 
following  results:  (dc/2tt^30  MHz,  rj  ^100%. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  MSBVW  transmission  line  containing  an  yttrium- 
iron-gamet  (YIG)  film  (d= 20  fi m,  47rM=1750  G,  AH~ 0.5 
Oe),  an  alumina  substrate  with  two  microstrip  transducers, 
and  a  meander  line  conductor  deposited  between  them  was 
used  in  the  experiment.  The  length  of  the  meander  line  was  7 
mm  with  an  aperture  of  6  mm  and  a  period  of  100,  200,  or 
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FIG.  3.  Spectrum  of  a  microwave  signal  reflected  from  the  MSVBW  line. 
The  inset  shows  the  geometry  of  experiment. 


500  fim.  An  ac  current  with  magnitude  up  to  2  A  and  fre¬ 
quency  of  0/277=20-150  MHz  was  passed  through  the  me¬ 
ander  line,  creating  the  modulation  field  with  magnitude  of 
up  to  h**  10  Oe.  The  structure  was  tangentially  magnetized 
with  an  external  dc  magnetic  field  H~5 50  Oe.  The  MSBVW 
was  excited  by  a  continuous  signal  with  a  carrier  frequency 
of  £0/277=2-3.5  GHz.  Spectra  of  transmitted  and  reflected 
signals  were  registered. 

Figure  2  shows  a  frequency  response  (upper  trace)  and  a 
phase  response  (lower  trace)  for  the  MSBVW  line  with  the 
meander’s  period  of  500  /nm  under  stationary  conditions  (in 
the  absence  of  modulating  field).  Imposing  of  the  meander 
on  the  ferrite  surface  increased  the  ripple  in  the  line  fre¬ 
quency  response  and  resulted  in  changes  in  the  dispersion  for 
the  waves  with  wave  numbers  kA<  1.  One  can  see  formation 
of  rejection  peaks  resulting  from  MSBVW  reflection  by  the 
meander  conductors  at  the  frequencies  when  the  following 
condition  is  fulfilled: 

k((x)N)  —  (7rl2  A)  +  2ttV,  where  N=  1,2...  (9) 

Note,  that  the  frequencies  defined  by  Eq.  (9)  do  not  co¬ 
incide  with  the  frequencies  defined  by  Eq.  (4)  for  MSBVW 
scattering  in  a  space-time  periodic  magnetic  field. 

Figure  3  shows  a  typical  spectrum  of  a  microwave  signal 
reflected  from  the  line  in  the  presence  of  modulating  mag¬ 
netic  field.  Two  lateral  harmonics  appeared  in  the  spectrum 
due  to  MSBVW  scattering  in  a  space-time  periodic  magnetic 
field.  The  dashed  curves  in  Fig.  3  show  the  resonance  varia¬ 
tion  of  the  harmonics’  power  as  a  function  of  the  modulation 
frequency.  Different  offsets  of  the  harmonics’  maxima  from 
the  input  signal  frequency  were  observed. 

Figure  4  shows  dependences  of  scattered  wave  frequen¬ 
cies  a>±  versus  the  incident  wave  frequency  o)  (synchroniza¬ 
tion  curves)  calculated  from  Eq.  (4)  and  Eq.  (1).  The  main 
MSBVW  mode  and  parameters  which  are  corresponded  to 
the  experimental  structure  were  used.  Frequencies  of  back¬ 
ward  scattered  waves  lie  on  the  upper  parts  of  the  curves. 
The  decrease  of  the  meander  line  period  leads  to  the  broad¬ 
ening  of  the  synchronization  curve,  so  that  the  frequencies  of 


0  500  1000  1500  2000 

Frequency (co-)W)/27t ,  MHz 

FIG.  4.  Frequency  synchronization  curves  for  MSBVW  scattering.  Solid 
lines  are  calculation,  dots  are  experimental  data.  Period  of  the  lattice  A  is: 
1-500  yarn,  2-200  /im,  and  3-100  yum. 

the  scattered  waves  (d±  are  moved  apart  from  the  carrier 
frequency  cd.  The  points  in  Fig.  4  correspond  to  experimen¬ 
tally  observed  MSBVW  forward  and  backward  scattering. 
Only  the  lower  frequency  n>+  was  observed  in  the  spectrum 
of  the  transmitted  signal  when  the  input  signal  excited  the 
wave  with  k=K.  In  this  case  the  frequency  cu_  corresponded 
to  the  wave  with  k^0  and  was  not  detected  by  the  trans¬ 
ducer. 

The  interaction  bandwidth,  defined  as  a  half-height 
width  of  the  resonance  curve  in  Fig.  3,  was  equal  to  A col 
277—20  MHz,  which  agrees  with  the  calculation.  The  maxi¬ 
mum  interaction  efficiency,  calculated  from  experimental 
data  and  taking  into  account  the  MSBVW  excitation  losses, 
was  equal  to  77— 10%. 

Note  that  the  considered  effects  may  be  used  for  effec¬ 
tive  excitation  of  higher  order  magnetostatic  volume  modes. 
From  Eq.  (7b)  it  follows  that  in  the  case  of  strong  coupling 
(q)c>Scd)  the  mode  conversion  with  almost  100%  efficiency 
takes  place  at  the  distance  L  =  (V/Acdc)  arctg(2cuc/£o>) 
— (tt/2)(V/(oc).  For  the  YIG  film  thickness  of  20  jam  and 
modulation  field  amplitude  of  h~  10  Oe  the  conversion  dis¬ 
tance  will  be  about  L—  1  mm. 
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This  paper  is  to  use  the  spectral-domain  technique  to  perform  characteristic  analysis  of  coupled 
microstrip  patch  resonators  on  ferrimagnetic  substrates.  Our  formulation  has  been  validated  by 
comparing  our  result  with  the  published  data  and  showing  an  excellent  agreement  between  them. 
Numerical  computations  have  been  performed  to  obtain  dependence  of  resonant  frequency  on  patch 
dimensions,  offset  and  separation  between  the  two  patches,  thicknesses  of  ferrimagnetic  film  and 
substrate.  It  has  been  seen  that  as  the  length  of  the  patch  increases  the  resonant  frequency  decreases. 
The  larger  the  offset  between  the  two  patches  the  lower  the  resonant  frequency.  The  separation 
between  the  two  patches  strongly  affects  the  resonant  frequency.  It  is  also  found  that  the  resonant 
frequency  increases  as  the  width  of  the  patch  decreases.  For  the  fixed  dimensions,  separation  and 
offset,  a  thinner  substrate  results  in  a  higher  resonant  frequency,  and  in  contrast,  a  thinner 
ferrimagnetic  film  results  in  a  lower  resonant  frequency.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)75308-8] 


I.  INTRODUCTION 

Recently  there  is  a  growing  interest1"4  in  microwave  in¬ 
tegrated  circuits  (MICs)  on  ferrimagnetic  substrates,  espe¬ 
cially  on  epitaxially  grown  yttrium  iron  garnet  (YIG)/ 
gadolinium  gallium  garnet  (GGG)  films  due  to  rapid 
advances  of  material  technology  that  makes  it  possible  to 
contiguously  grow  and  deposit  magnetic  thin  films  on  differ¬ 
ent  substrates.  It  is  known  that  a  variety  of  applications  of 
MICs  such  as  filters,  oscillators,  and  tuned  amplifiers  are 
directly  involved  with  utilizing  microwave  resonators.5  It  is 
the  new  material  technology  and  demand  of  MICs  on  mag¬ 
netized  ferrites  that  drive  investigation  of  microwave  resona¬ 
tors  on  ferrimagnetic  substrates.  Great  efforts  have  been 
made  to  study  microwave  resonators  with  different  geom¬ 
etries  on  YIG/GGG  structures.6,7  It  is  of  our  interest  in  this 
work  to  investigate  a  new  configuration  of  coupled  micros¬ 
trip  patch  resonators  on  YIG/GGG  with  an  offset  between 
the  two  coupled  patches  as  illustrated  in  Fig.  1. 

This  paper  is  to  use  the  spectral-domain  technique8  to 
study  the  coupled  microstrip  patch  resonators  on  YIG/GGG 
structures.  The  boundary  value  problem  of  the  coupled  patch 
resonators  is  formulated  in  the  spectral  domain  by  the  two- 
dimensional  (2D)  Fourier-trarisform.  Then  Galenkin’s 
method  is  applied  to  obtain  a  system  of  matrix  equations.  As 
a  result  a  secular  equation  is  generated  based  on  the  deter¬ 
minant  of  the  system  equation  and  the  resonant  frequency  of 
the  coupled  patch  resonator  can  be  solved  for  a  given  set  of 
dimensions.  To  assure  accuracy  of  numerical  results  and  ef¬ 
ficiency  of  numerical  computations,  a  set  of  basis  functions 
is  chosen,  which  accurately  represent  expected  resonant  cur¬ 
rents  on  each  patch.  Numerical  computations  have  been  per¬ 
formed.  Our  results  have  revealed  that  resonant  frequency 
depends  on  patch  dimensions,  offset  and  separation  between 
the  two  patches,  and  thicknesses  of  YIG  and  GGG. 


II.  FORMULATION 

The  geometry  of  the  shielded  structure  of  the  coupled 
microstrip  patch  resonator  on  YIG/GGG  is  illustrated  in  Fig. 


> 

\ 
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FIG.  1 .  Cross  section  and  top  views  of  coupled  microstrip  patch  resonator. 
2 A  and  B  the  waveguide  dimensions,  (Wx  ,WZ)  the  patch  width  and  length, 
S  the  separation  between  the  two  patches,  Az  the  offset  between  the  two 
patches  along  the  z-axis,  and  Dlt  D2 ,  and  D3  thicknesses  of  air  region, 
YIG,  and  GGG,  respectively. 
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1.  Two  rectangular  patches  have  dimensions  of  Wx  and  Wz , 
and  are  separated  by  a  distance  of  S  with  an  offset  of  A z. 
Thicknesses  of  YIG  and  GGG  are  D2  and  Z)3,  respectively. 
A  dc  magnetic  field  is  applied  normal  to  the  plane  of  YIG 
film,  which  is  characterized  by  its  static  magnetization.  Ac¬ 
cordingly  the  permeability  tensor  of  YIG  is  given  as 

'  fi  0  —Jk 

J2=fi0  0  l  0  (1) 

Jk  0  ix  . 

with  /UL=  1  +  0)h(0m/a)2h  -  o>2,  K  =  (0(0m/(02h  -  o>2,  where 
(x)h=y/m0H0,  a)m=yjjL0M,  and  y,  fi0,  (o ,  and  H0  are  the 
gyromagnetic  ratio,  the  free-space  permeability,  the  operat¬ 
ing  frequency,  and  the  internal  field,  respectively. 

In  order  to  formulate  the  boundary  problem  in  the 
spectral-domain,  the  2D  Fourier  transforms  of  every  field 
component  and  patch  currents  in  xz  plane  are  taken: 

f(otn,y,P)=  [  f  f(x,y,z)eja>‘x+i/3zdxdz.  (2) 

J  -co  J  -a 

In  this  case  summation  index  n  takes  on  all  integer  values 
from  minus  to  plus  infinity,  since  the  symmetry  of  the 
Green’s  function  is  perturbed  by  the  off-diagonal  terms  in  jl 
of  YIG.  The  above  definition  of  the  transform  allows  the  first 
derivatives  with  respect  to  x  and  z  in  the  space  domain  to  be 
converted  to  multiplicative  factors  in  the  spectral-domain. 

With  the  transformation  defined  in  Eq.  (2)  field  compo¬ 
nents  of  Ex  and  Ez  in  YIG  film  are  transformed  into  the 
spectral-domain  and  two  coupled  equations  for  Ex  and  Ez 
can  be  obtained  to  determine  the  solution  to  Maxwell’s  equa¬ 
tion.  Other  field  components  can  be  found  based  on  Ex  and 
Ez.  The  electric  and  magnetic  fields  in  regions  of  air  and 
GGG  can  be  written  as  a  superposition  of  TEy  and  TMy 
modes.10  By  enforcing  the  boundary  conditions  at  each  of 
interfaces  the  Green’s  function  is  yielded  as  follows: 

Ez(an  ,/3)  Zzz{(Xn>P)  Zzx(an*P)  Jz(cxn,f3) 

Ex(a„’P)  Zxz(an,/3)  Zxx(a„  ,fi)  h(an 

(3) 
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Wz  (cm) 

FIG.  2.  Resonant  frequency  vs  the  patch  length  Wz  with  exx= eyy  =  ezz=2.65, 
Di~ 8.89  cm,  D2  =  \21  cm,  Z)3=  0,  £  =  15.5  cm,  and  Wx= 2  cm. 


The  remaining  task  is  to  employ  Galerkin’s  method 
along  with  Paserval’s  theorem  to  set  up  a  system  equation 
which  includes  two  sets  of  homogeneous  linear  equations. 
These  equations  can  be  solved  by  setting  the  determinant  of 
coefficients  to  zero  and  searching  for  the  root  to  find  the 
resonant  frequency. 

To  successfully  solve  the  system  equation  one  must  have 
a  proper  choice  of  basis  functions  that  satisfy  the  edge  con¬ 
ditions  and  have  fast  convergence  properties.  In  this  study 
the  basis  functions  which  are  chosen  to  expand  the  patch 
currents  are  presented  below: 

J(xe/o)(x,z)  =  Jx(x>z)+Jx(X’Z), 

(4) 

j{e'°\x,z)=J~{x,z)±Jz{x,z), 

with 


sin{  (27 t/Wx)  [x+  1(5+  Wx)]}  sin( ttzIW7) 

J7(X,Z)=  - - X  , 


1 1  -{ (2ir/Wx)  [x+  KS+  Wx)]}2  VI  -(2 z/Wz) 


s  \  s 

-  +  Wr  <x< and - <z< — 


Sin{(27r/wg[>-±(s+wg]}  sin[(7T/wy(z-Az)]  5  5  Wz 

Jx(x,z)=  =:X—  "  — ,  -<x<-  +  Wx  and  Az - <z<AzH - 

Vi-{(2t t!Wx)[x-  {{S+W  x)]}2  Vl-[(2(z-Az)/Wz)]2  2  2  2  2 


Jz  (jc,z)  = 


1  COS(7 TzlWz) 

X  . — 

1 1  -{  (2t tIWx)  [x+  j(5+  wj}2  Vl-(2 zJwy 


IS  \  s  w, 

—  —  +  W,  <jc< - and - <z< — 


cos  — (z-Az)  5  5 


J,  (x,z)=- 


^1-{(2t t!Wx)  [x- |(5+  Wx )]}2  V1 11  “ [2(z-  Az)/Wj2 


— <x<— +  l+v  and  Az - <z<AzH - 

->  2  2  2  2 
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Wz  (cm) 

FIG.  3.  Dependence  of  the  patch  length  Wz  on  resonant  frequency  as  well  as 
impacts  of  thicknesses  of  YIG  and  GGG  on  resonant  frequency. 

where  the  superscription  (e/o)  denotes  even  and  odd  modes, 
respectively. 

III.  NUMERICAL  RESULTS 

In  order  to  validate  our  formulation  and  numerical  re¬ 
sults  we  simplify  the  configuration,  in  which  the  thickness  of 
GGG  is  reduced  to  zero,  vS  H-  is  set  to  be  zero  such  that  the 
two  patches  overlap,  permeability  tensor  of  YIG  is  chosen  to 
be  that  utilized  in  Ref.  9.  Comparison  is  made  between  our 
results  and  those  in  Ref.  9  and  illustrated  in  Fig.  2.  It  is  clear 
that  our  results  agree  very  well  with  the  published  data. 


FIG.  4.  Resonant  frequency  vs  offset  A z. 


FIG.  5.  Resonant  frequency  vs  the  patch  width  Wx . 


Numerical  computations  have  been  performed  with 
/zoFT0=0.17,  /ulqM  =0.1757,  permittivity  for  YIG  and  GGG 
6r=12.3,  A =7.75  cm  and  B= 6  cm  throughout  this  paper 
unless  stated  elsewhere.  Both  even  and  odd  modes  of  reso¬ 
nance  were  calculated.  Since  there  is  a  slight  difference  be¬ 
tween  them,  only  is  the  even  mode  presented  in  this  paper. 
Figure  3  demonstrates  dependence  of  resonant  frequency  on 
the  patch  length  Wz .  It  is  observed  that  the  resonant  fre¬ 
quency  decreases  with  Wz .  Impacts  of  thicknesses  of  YIG 
and  GGG  on  resonant  frequency  are  illustrated  in  Fig.  3.  For 
a  given  set  of  patch  dimensions  (WX,WZ),  separation  ( S )  and 
offset  (A z),  a  thinner  substrate  GGG  results  in  a  higher  reso¬ 
nant  frequency,  and  in  contrast,  a  thinner  YIG  film  results  in 
a  lower  resonant  frequency.  Influence  of  offset  between  the 
two  patches  on  resonant  frequency  was  investigated.  Figure 
4  shows  that  the  resonant  frequency  decreases  with  A z  for  a 
given  set  of  ( Wx,Wz)f  S ,  and  thicknesses  (D2  and  D3)  of 
YIG  and  GGG.  Width  (VF*)  of  the  resonant  patch  has  the 
same  impact  on  the  resonant  frequency  as  Wz  except  for 
Wx< 0.2  cm  (see  Fig.  5).  The  resonant  frequency  slightly 
increase  with  Wx  as  Wx  is  less  than  0.2  cm,  and  then  de¬ 
creases  with  Wx  rapidly. 
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We  have  studied  the  physical  properties  of  a  high  directivity  microstrip  directional  coupler  on  a 
single-layered  ferrite  substrate  under  the  influence  of  an  external  dc  magnetic  field  H0.  We  also 
present  an  analysis  of  the  coupled  microstrip  lines  on  a  ferrite-dielectric  substrate.  Our  method  of 
calculation,  which  is  done  in  the  spectral  domain,  is  based  upon  a  combination  of  the  Hertz  vector 
potentials  and  the  Galerkin  numerical  technique.  The  dyadic  Green  functions  for  the  coupled 
microstrip  lines  are  also  obtained.  We  consider  the  even  and  odd  modes  of  propagation,  with  the 
characteristic  impedances  and  normalized  phase  constants  of  these  artificial  structures  obtained  as  a 
function  of  their  geometry.  Special  attention  is  given  to  the  determination  of  a  high  directivity  for 
the  coupler,  by  equating  the  phase  velocity  of  the  even  and  odd  modes  of  propagation  which,  in  turn, 
is  obtained  throughout  the  variation  of  the  applied  magnetic  field  H0.  ©  1996  American  Institute 
of  Physics.  [S0021-8979(96)75408-X] 


The  development  of  microstrip  circuits  on  magnetized 
ferrimagnetic  layers,  such  as  microstrip  antennas  and  resona¬ 
tors,  is  presently  receiving  a  growing  interest.  This  is  mainly 
due  to  the  fact  that  these  devices/circuits  performance  can  be 
tailored  by  changing  the  external  dc  magnetic  field  magni¬ 
tude  or  orientation.1  In  this  context,  many  works  were  de¬ 
voted  not  only  to  the  analysis  of  finlines  and  slotlines,  but 
also  to  study  microstrip  lines  with  several  layers,  including 
magnetic  ones  (see  Refs.  2  and  3,  and  the  references  therein). 
Furthermore,  the  study  of  microstrip  lines  and  its  application 
in  the  development  of  planar  phase  shifters  was  reported  and 
discussed  by  Bolioli  et  al .,4  taking  into  account  the  advan¬ 
tage  of  the  nonreciprocal  transmission  effects,  which  could 
be  controlled  by  an  externally  dc  magnetic  bias  field. 

The  aim  of  this  work  is  to  study  the  properties  of  a 
microstrip  directional  coupler  on  a  single-layered  ferrite  sub¬ 
strate  under  the  influence  of  an  external  dc  magnetic  field 
H0,  with  a  special  attention  to  the  case  depicted  in  Fig.  1, 
which  guarantees  its  high  directivity.  Our  analysis  is  done  in 
two  steps:  in  the  first  one,  we  characterize  the  coupled  mi¬ 
crostrip  lines  in  order  to  determine  the  characteristic  imped¬ 
ances  and  the  normalized  phase  constants  as  a  function  of  the 
frequency  and  its  geometry.  We  achieve  these  expressions  by 
using  a  combination  of  the  Hertz  vector  potentials,  ParsevaTs 
theorem  and  the  Galerkin  method  within  the  spectral 
domain.3,5  The  analysis  is  performed  by  considering  that  the 
ferrite  substrate  is  magnetized  by  an  external  dc  magnetic 
field  applied  perpendicularly  to  the  ground  plane.  The  sym¬ 
metry  of  the  structure  allows  us  to  study  the  even  and  odd 
modes  of  propagation.  In  the  second  step*  the  theory  of  trans¬ 
mission  lines  is  used  to  express  the  main  parameters  of  the 
directional  coupler,  namely  the  coupling  factor  and  the  direc¬ 
tivity,  in  terms  of  its  physical  characteristic  and  geometry. 
Numerical  results  are  then  shown  to  illustrate  our  theoretical 
predictions. 

The  multilayered  geometry  under  consideration  is  de¬ 
picted  in  Fig.  1.  The  coupled  strips  of  width  w  and  uniform 


a)On  sabbatical  leave  from  Departamento  de  Fisica,  Universidade  Federal  do 
Rio  Grande  do  Norte,  Natal,  RN  59072-970,  Brazil. 


spacing  s  are  assumed  to  be  infinitely  thin  and  perfectly  con¬ 
ducting.  Region  1  is  occupied  with  the  ferrite  layer,  and  it 
has  thickness  d ,  scalar  permittivity  ex  and  a  tensor  perme¬ 
ability  JL.  We  also  assume  that  a  uniform  external  magnetic 
field  H0  is  applied  perpendicularly  to  the  substrate  to  saturate 
the  sample,  and  then  removed,  so  that  the  magnetic  perme¬ 
ability  tensor  is  given  by: 


P 

0 

ik 

P  = 

0 

P'0 

0 

.  —  ik 

0 

P  - 

where  the  components  pi  and  k  depend  on  the  ferrite  charac¬ 
teristics  and  operating  frequency,  i.e.: 

A  j2HqAttMs  k  =  y47 tM, 

Ao~  co2~(yH0)2,  fj-o  a)2-(yH  o)2' 

Here,  the  saturation  magnetization  of  the  ferrite  is  4  ttMs  , 
and  y  and  co  are  the  gyromagnetic  ratio  and  the  operating 
frequency,  respectively.  Region  2,  which  has  a  thickness  h ,  is 
filled  up  with  a  dielectric  material,  whose  permittivity  is 
given  by  e2.  Region  3  is  the  air  with  parameters  e0  and  ju0 
denoting  the  free-space  values  of  permittivity  and  permeabil¬ 
ity,  respectively. 

The  analysis  in  the  spectral  domain  is  carried  out  ini¬ 
tially  for  the  determination  of  the  impedance  matrix,  through 
the  use  of  the  Hertz  vector  potentials  oriented  along  the 
y-axis  (the  same  orientation  of  the  magnetic  field  H0).  The 
components  of  the  electrical  field  can  be  given  in  terms  of 
the  current  density  at  one  of  the  conducting  lines.  Taking  into 


z 


FIG.  1.  Schematic  representation  of  the  coupled  microstrip  line  supported 
by  a  ferrite  substrate  used  in  this  paper. 
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account  the  spectral  domain  formulation,  these  components 
can  be  determined  after  using  the  appropriate  continuity  and 
boundary  conditions  in  Fourier  transform  domain,  i.e.: 

'  Ex{a,H)]\Zxx{a,H)  Zxz(a,H)]\jx(a,H)} 
Ez(a,H)\[Zzx(a,H )  Zzz(  a,  tf)]|/z(  a,H)\'  3 

where  a  represents  the  spectral  variable,  Ex ,  Ez ,  and  Jx ,  Jz 
are  the  Fourier  transforms  of  the  tangential  electrical  field 
and  the  current  density  components  in  the  conducting  strip. 
The  elements  of  the  dyadic  impedance  Green’s  function  can 
now  be  found,  and  are  given  by: 

h+ !  F=-f'=+ 1 4  <4) 

aB  \B  B 


aB  a  B 

z^-H)=i^^Wj\3F'-F>+*F’-F'\-  <6) 


Zzz{a,B,H)  —  i 


U){a2  +  B2)[  1  B 


a  B 

-f1--f2+f3+-f4  , 


where  is  the  single  microstrip  phase  constant,  and 

r,  -2  ^  8 ?>8 5  2  ^5  /0\ 

F{  =  1(0  fi0€l F2=(0  fx0—-  (8) 

M  8182  7o8 2 

k  y0 

F*  =  iar  At06i - coth(y<?1d)tanh(y2/0; 

M  yiJelSx 

F4=^^  coth(yeld)tanh(y2/i).  (9) 

£l 

Also,  the  remaining  parameters  appearing  in  Eqs.  (4)  to  (9) 
are  given  by 

£,  =  60+—  —  y2  tanh {y2h)  +  y0  coth( yeld) 

Jel  [e2  J 

7o 

+  e2  —  tmh(y2h),  (10) 

72 

jA  1  1 

82 =  —  +  7h\  —  tanh(  y2h)  +  —  coth(  yh  xd) 

Mo  [  72  7o\ 

+  — —  tanh  (y2h),  (11) 

Mo  To 


1  y0 

g 3= —  1  +  — tanh(y2A)  coth(yeld), 


72  *1  ,  7e\  .  ,  ,  /  ,  x 

g4=-—  —  +  —  tanhlyf|rf)coth(y2/?); 
7el  le2  72 


8s=  ~~+  ~  coth(yA1£?)tanh(y2/z)  . 
LMo  72  J 


yl=(a2  +  B2~k20);  y2h\=^-{a2  +  B2-k\)\ 

Mo 

72e  =  (a2  +  B2-k22)  (14) 

y\  =  (a2  +  B2-k\)\  k20=co2n0e0;  k2l  =  (o2fi0ei  (15) 


e,;  kl=(o2fi0e2. 


In  order  to  obtain  the  characteristic  equation  for  the 
propagation  constants,  we  use  Galerkin’s  procedure  along 
with  Parseval’s  theorem.  The  solution  of  Eq.  (3)  depends 
upon  a  reasonable  choice  of  basis  functions,  and  they  should 
contain  the  edge  conditions  of  the  currents.  It  is  considered 
that  the  current  distribution  on  each  strip  is  the  same  as  those 
given  for  a  single  strip.6  Once  the  propagation  constant  is 
available,  the  characteristic  impedance  can  be  evaluated 
based  on  the  power-current  definition.7 

The  study  of  the  coupling  among  transmission  lines,  as 
the  microstrips  shown  in  Fig.  1,  requires  the  coupling  factor 
in  a  frequency-dependent  form  be  written  like:8 


C(0)  = 


iC  sin  0 

(1  -C2)m  cos  0+7  sin  0’ 


where  C,  the  coupling  factor  at  the  central  frequency,  is 
given  by 

Zq€  Zqq 

C=  °  °  .  (18) 

z0e  +  z0  0 

Here,  Z0e  and  ZQo  are  the  even  and  odd  mode  characteristic 
impedances,  respectively,  and  6=  /?/,  /  being  the  length  of 
the  coupled  region  which  is  determined  from  the  average  of 
the  even  and  odd  phase  constants,  fie  and  . 

The  directivity,  which  is  the  coupling  which  can  occur  to 
the  theoretically  isolated  port,  is:8 


_ xZpe-  &Z0Z0o _ 

x(Z0eZ0  cos  ®e+iZ20e  sin  6e)~  t//(Z0oZ0  cos  eo+iZ20o  sin  60)  ’ 


y=2Z0„Z0  cos  #0+i(Zo„+Zo)sin  0O, 


i(f-2Z0eZ0  cos  6e  +  i(Z20e  +  Z20)sm  0e, 


with  Z0  being  the  characteristic  impedance  of  each  individual 
line  and  6e  and  0O  being  the  even  and  odd  electrical  lengths, 
respectively. 

We  show  now  numerical  results  for  microstrip  direc¬ 
tional  couplers  containing  a  magnetized  ferrite  perpendicu- 
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FIG.  2.  Normalized  phase  constant  as  a  function  of  the  frequency  for  the 
parameters  given  in  the  main  text.  The  labels  (1),  (2),  and  (3)  refer  to  the 
cases  where  H0=900  Oe,  H0=1300  Oe,  and  the  isotropic  situation. 


larly  to  the  substrate  surface.  We  present  results  for  the  even 
and  odd  modes  of  propagation  as  well  as  for  the  coupler’s 
parameters  as  a  function  of  the  frequency,  various  structural 
parameters,  and  the  biasing  magnetic  field. 

A  ferrite  substrate,  with  a  saturation  magnetization 
47rM5=2150  G,  a  gyromagnetic  ratio  y=2.855  MHz/Oe,  a 
relative  dielectric  permittivity  erl-  €Ile0=:  12.7,  and  a  thick¬ 
ness  d  =  1.0  mm,  was  considered.  The  coupled  strips  have 
w  =  1.0  mm  and  .v -0.5  mm. 

Figure  2  presents  the  normalized  phase  constants  for  the 
odd  and  even  modes  of  propagation  in  parallel  coupled  mi¬ 
crostrip  lines.  The  cases  labeled  (1)  and  (2)  correspond  to  the 
utilization  of  a  ferrimagnetic  substrate  with  h=0  in  Fig.  1, 
and  the  external  magnetic  field  equal  to  900  and  1300  Oe, 
respectively.  The  case  with  the  label  (3)  corresponds  to  a 
numerical  convergence  for  the  isotropic  case,  which  is  ob¬ 
tained  from  (1)  provide  fjb—f t0  and  k= 0.  Observe  that  the 
utilization  of  a  ferrite  substrate  permits  a  reduction,  and  even 
an  equalization,  in  the  difference  between  the  values  of  the 
phase  velocities  of  the  coupled  modes.  This  represents  a  very 


FIG.  3.  Coupling  factor  as  a  function  of  the  frequency  for  the  same  param¬ 
eters  and  cases  presented  in  Fig.  (2). 


FIG.  4.  Directivity  as  a  function  of  the  frequency  for  the  same  parameters 
and  cases  presented  in  Fig.  (2). 

interesting  result,  mainly  if  one  is  interested  on  the  project  of 
high  directivity  couplers. 

In  Fig.  3  we  show  the  behavior  of  the  coupling  factor 
against  the  frequency,  for  the  same  cases  discussed  in  Fig.  2. 
The  coupled  region  length  is  2.35  mm.  As  we  expected,  the 
strength  of  the  coupling  shows  a  significant  dependence  with 
the  frequency,  particularly  for  lower  frequencies. 

Figure  4  shows  the  curves  obtained  for  the  directivity  as 
a  function  of  the  frequency,  considering  again  the  same  three 
situations  discussed  in  the  previous  figures.  The  best  values 
of  the  directivity  were  obtained  when  it  was  considered  a 
ferrite  substrate,  especially  in  the  vicinities  of  the  frequencies 
which  equalize  the  phase  velocities  of  the  even  and  odd 
modes  of  propagation,  observed  in  Fig.  2. 

We  have  performed  an  analysis,  within  the  spectral  do¬ 
main  regime,  for  microstrip  directional  couplers  supported 
by  a  ferrite  material.  It  was  shown  that  the  utilization  of  this 
kind  of  substrate  allows  the  development  of  high  directivity 
couplers,  through  the  variation  of  the  magnitude  of  H0. 
Agreement  was  observed  when  we  compare  our  results  with 
those  presented  by  Janiczak  and  Kitlinski9  for  coupled  sym¬ 
metric  microstrip  lines,  and  by  Alexopoulos10  for  the  cou¬ 
pling  factor  and  directivity. 
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We  have  included  losses  in  the  analysis  of  a  3A-port  stripline/microstrip  circulator  and  have 
reformulated  the  circulation  conditions  previously  postulated  for  the  lossless  case.  Our  calculations 
have  been  compared  to  three  published  data  on  circulator  designs  biased  below  and  above 
ferrimagnetic  resonance.  Scattering  parameters  at  each  port  have  been  calculated  as  a  function  of 
assumed  material  losses  and  coupling  capacitance  of  a  multiport  circulator.  Wide  transmission  band 
or  wide  stop  bands  may  be  possible  for  a  six  port  circulator  biased  above  ferrimagnetic  resonance. 
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INTRODUCTION 

The  present  theory  is  able  to  calculate  reasonably  well 
the  required  external  magnetic  field  and  operating  frequency 
at  which  the  circulation  condition  of  a  stripline/microstrip 
circulator  is  obeyed.  However,  the  present  theory  is  not  able 
to  predict  insertion  loss  or  the  coupling  efficiency  between 
ports  at  circulation.  Clearly,  the  insertion  loss  must  somehow 
be  related  to  the  intrinsic  losses  of  the  ferrite,  both  magnetic 
and  electric  losses.  In  this  paper,  we  want  to  elevate  this 
qualitative  notion  to  a  more  precise  quantitative  prediction  of 
insertion  loss  at  circulation  based  upon  intrinsic  loss  of  the 
ferrite  and  external  microwave  loading  to  the  circulator.  We 
have  avoided  the  traditional  approach  which  relies  on  the  use 
of  Bessel  functions  which  take  only  real  numbers  as  argu¬ 
ments,  since  in  the  previous  calculations  intrinsic  losses  are 
assumed  to  be  zero.  Instead,  new  computational  algorithms 
have  been  developed  which  directly  process  complex  num¬ 
bers  upon  which  the  circulator’s  interport  impedances  can  be 
conveniently  calculated.  Also,  previous  theoretical  formula¬ 
tions  was  based  upon  the  assumption  that  at  the  circulation 
condition  the  transmission  efficiency  between  the  input  and 
the  circulation  ports  was  100%  and  the  isolation  port  was 
zero.  This  assumption  cannot  be  applied  here.  We  need  to 
relax  this  principle  by  allowing  the  circulation  transmission 
to  be  a  maximum,  since  there  may  be  dissipation  included  in 
the  ferrite.  This  suggests  a  theoretical  formalism  in  which 
some  sort  of  mathematical  extremum  conditions  are  derived 
from  the  equation  of  motion  of  the  magnetization.  We  find 
that  our  formulation  predicts  exactly  the  same  circulation 
conditions  as  derived  by  previous  papers  using  the  conven¬ 
tional  formalism.1-3  Once  we  were  able  to  predict  the  circu¬ 
lation  conditions  calculated  by  others,  we  then  calculated  the 
insertion  loss,  isolation  efficiency,  and  circulation  transmis¬ 
sion  efficiency  for  various  cases  by  including  the  ferrite 
losses  in  the  formalism.  Calculations  compare  quite  well 
with  measurements.1-3 

FORMULATION 

In  this  paper  we  define  a  3A-port  circulator  to  be  a 
multi-port  ferrite-junction  circulator  in  which  three  ports  are 


through  ports  capable  of  signal  circulation  in  the  normal 
sense  and  the  other  (3N-3)  ports  are  open-circuited  ports 
which  are  used  to  provide  additional  capacitance  tuning.  The 
threefold  symmetry  of  the  junction  requires  ports  m,  m  +  N, 
and  m  +  2N  to  be  characterized  by  the  same  parameters. 
Here  m  is  an  integer  and  The  azimuthal  angle  at 

the  center  of  port  a  is  denoted  as  <j)a  and  <f>a=2ir{a—  \)!3N 
for  \^a^3N.  The  port  suspension  angle  at  port  a  is  20a. 
Port  1  will  be  considered  as  the  input  port,  and  ports  1  +  N 
and  1+2 N  are  either  the  transmission  port  or  the  isolation 
port,  respectively. 

The  ferrite  disk  is  of  radius  R ,  height  h,  whose  dielectric 
constant,  dielectric  loss  tangent,  saturation  magnetization, 
ferrimagnetic  resonance  (FMR)  linewidth  are  denoted  as  €• , 
tan  S,  47 rMy,  A H,  respectively.  The  ferrite  disk  is  sur¬ 
rounded  by  a  dielectric  matching  material  filling  the  space 
between  the  metal  strip  and  the  ground  plane(s)  making  up 
for  the  stripline/microstrip  feeder  lines.  The  dielectric  con¬ 
stant  of  the  dielectric  filling  material  is  denoted  as  ei . 

The  six-port  circulator  has  been  previously  formulated 
and  reported  in  Ref.  3.  We  derive  in  this  paper  the  formula¬ 
tion  of  a  general  3A-port  circulator  in  which  the  ports  may 
not  necessarily  have  the  same  port  angles.  Denote  ain  as  the 
incident  rf-magnetic  field  at  port  1  and  aa,  l^a^3N,  as  the 
average  rf-magnetic  field  at  port  a.  Analogous  to  the  deriva¬ 
tions  in  Ref.  3  aa  can  be  solved  in  terms  of  am  from  the 
following  3 N  coupled  linear  equations: 

3  N 

X  (ZaSap+Gap)ap=2ai^ZaSai,  for  l^a^3N, 

(1) 

where  Ga/3  are  the  interport  impedances  given  by 


_  Ur)] 1  /  sinnflJ  /  sinn<U  _  ^ 

Jn(x)  \  \  nda  }\  n6p  ) 

x  =  kR,  fc=co(/ieffey)1/2/c, 

Zd={ix0l  ede0) 1/2 ,  Zf=  {/xefffi0/efe 0) 1/2, 
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^eff=(At2-^2V^>  ^=l+/o/m(/o_/2)> 

«=ff,n«fl-f2)> 

fm  =  4TryMs,  h=yHt.  (2) 

i/,  is  the  internal  dc  magnetic  field,  c  denotes  the  speed  of 
light  in  vacuum,  y  the  gyromagnetic  ratio,  and  8ap  is  the 
Kronecker  delta  function.  Finally,  the  wave  impedance 
viewed  at  port  a  is 

Za=iZd  cot (xa(o\[e^/c). 

For  stripline  port  erc=ed,  and  for  microstrip  port 
erc—  1  +(l(€d'~  1)»  where  q  denotes  the  filling  factor  of  the 
dielectric  in  the  microstrip  transmission  line. 

We  note  that  Eq.  (2)  can  be  evaluated  only  if  x(  =  kR)  is 
real.  However,  when  material  becomes  lossy,  both  dielectric 
and  magnetic  imperfections  need  to  be  accounted  for  explic¬ 
itly.  For  lossy  ferrites  the  dielectric  constant  €f  shall  be  re¬ 
placed  by  €f(l  +  i  tan  8)  and  the  internal  field  Ht  by 
Hr(iAH/2)f/fi ,  where  ft  denotes  the  frequency  at  which 
the  linewidth  A H  was  measured  (usually  at  10  GHz).  As 
such,  x  becomes  a  complex  number  and  Eq.  (2)  can  no 
longer  be  appropriate  for  numerical  evaluation.  Other  nu¬ 
merical  schemes  have  to  be  used  as  an  alternative.  Actually, 
Eq.  (2)  has  been  purposely  cast  in  the  form  which  facilitates 
complex-number  calculation.  That  is,  the  ratio  between  two 
Bessel  functions  of  subsequent  orders  can  be  expressed  in  a 
form  involving  continued  fractions:4 

JJLz)  1  1  1 

Jv-i(z)~  2vz~l~  2(v+l  )z~l~  2(v+2 

(3) 

in  which  z  can  be  a  complex  number  and  v  a  real  number 
(not  necessarily  an  integer).  Equation  (3)  converges  rather 
rapidly  and  the  radii  of  convergence  in  the  z  and  the  v  vari¬ 
ables  are  both  infinite. 

The  scattering  parameters  can  now  be  calculated  as 

Sn  =  1  ~axlain,  ^(1+^)1 =  _<3i+yv^in» 

c  -  /  (4) 

^(1+2A01-  ~~al  +  2NIain' 

The  circulation  conditions  in  the  presence  of  material  imper¬ 
fections  are  rephrased  as 

\a  n  |  =  maximum, 

\ai+N\  =  minimum  (or  maximum),  (5) 

|a1  +  2w|  =  maximum  (or  minimum). 

Equation  (5)  describes  the  case  when  port  1  +  N  is  the  trans¬ 
mission  (isolation)  port  and  port  1+2 A  is  the  isolation 
(transmission)  port.  We  note  that  Eq.  (5)  needs  to  be 
maximized/minimized  for  at  least  two  conditions,  the  third 
one  will  hold  automatically  due  to  the  three-fold  symmetry 
of  the  ferrite  junction.  Optimization  of  scattering  parameters, 
or  searching  for  circulation  conditions,  Eq.  (5),  needs  to  be 
performed  with  respect  to,  at  least,  two  independent  circula¬ 
tor  variables  with  others  being  treated  as  parameters.  Tradi¬ 
tionally,  et  and  R  were  used  as  variables  to  solve  for  the 
“lossless”  circulation  conditions,  \an\-l  and,  say, 


FIG.  1.  Optimization  of  Wu  and  Rosenbaum’s  circulator  design  for  better 
isolation  and  insertion  loss. 

|ai+Ar|-0,  other  parameters  are  specified  beforehand,  such 
as  the  desired  circulation  frequency,  port  suspension 
angle(s),  internal  field,  and  other  parameters  characterizing 
the  ferrite  material.  In  this  paper  we  may  use  any  of  the 
quantities,  /,  8a,  ef,  R,  and/or  Ht  as  the  independent  vari¬ 
ables  exploiting  the  so-called  multidimensional  simplex 
method  in  optimizing  the  circulation  conditions,  Eq.  (5). 
Multidimensional  simplex  method,5  although  it  is  relatively 
slow  in  comparison  with  other  slope-related  methods,  is 
quite  robust  and  efficient  in  the  present  calculations. 

RESULTS 

Figure  1  shows  the  calculated  scattering  parameters  of 
the  optimized  design  of  the  three-port  circulator  proposed  by 
Wu  and  Rosenbaum.1  In  this  design  the  ferrite  used  was 
magnesium  ferrite  (TT 1-390,  Trans-Tech,  MD)  possessing 
the  following  parameters:  47rM,=2150  G,  A//-540  Oe, 
€f=l2.1  and  tan  £=2.5 X10-4.  In  the  calculation  we 

also  use  r— 0.254  cm,  and  ^=0.525  rad.  After  optimization 
of  Eq.  (5)  with  respect  to  Hf  and  /,  we  obtain  Ht- 307  Oe 


FIG.  2.  Optimization  of  Riblet’s  sixport  circulator  design  allowing  for  wide¬ 
band  transmission  operation. 
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FIG.  3.  Optimization  of  Riblet’s  sixport  circulator  design  allowing  for  wide 
stop  band  protection. 


with  an  insertion  loss  —0.255  dB  at  the  central  circulation 
frequency  f0=  10.629  GHz.  The  transmission  band  extends 
from  2.615  to  12.97  GHz  with  insertion  loss  —1.01  and 
-0.595  dB,  respectively.  The  measured  absorption  peak  in 

at  13.2  GHz  due  to  excitation  of  second-order  harmonic 
can  also  be  identified  in  Fig.  1.  However,  the  wide-band 
feature  of  the  above  circulator  was  not  measured  experimen¬ 
tally.  It  was  realized  that  the  internal  field  has  to  be  uni- 
formized  before  the  real  bandwidth  of  the  circulator  can  be 
measured.6 

Figure  2  shows  the  calculated  scattering  parameters  for  a 
six-port  stripline  circulator  operating  above  FMR.  This  de¬ 
sign  was  originally  proposed  by  Riblet  which  was  intended 
for  high  power  wideband  operation.2  For  this  design 
r=0.762  cm,  4^-1000  G,  ^  =  6^=15,  \H=200  Oe, 
tan  S= 0.0001,  and  x{  =0.508  cm.  The  external  field  used  by 
Riblet  was  2000  Oe  and  the  port  suspension  angles  were 
6l  =  62=0A25.  However,  we  found  that  Riblet’s  design  has 
not  been  optimized.  After  optimizing  the  circulation  condi¬ 


tions,  Eq.  (5),  using  0\ ,  02,  and  /  as  the  independent 
variables  we  found  that  ^=0.35  rad,  92=0.10  rad,  H  1  =  1163 
Oe  with  the  central  transmission  frequency  located  at  1.64 
GHz  (-0.56  dB  insertion  loss).  The  transmission  band  ex¬ 
tends  from  1.37  to  1.77  GHz  and  the  bandwidth  is  about 
24.4%  of  the  transmission  frequency. 

Another  circulator  design  using  Riblet’s  parameters 
which  may  have  potential  applications  is  shown  in  Fig.  3.  In 
this  design  9x  —  92— 0.3,  ed—\  (#6^,  and  7/,=2912  Oe.  As 
shown  in  Fig.  3  the  calculated  insertion  loss  minimum  lo¬ 
cates  at  2.528  GHz  with  a  value  of  -0.193  dB.  The  design 
does  not  show  wideband  operation,  since  the  bandwidth  is 
only  about  6.1%  of  the  transmission  frequency.  However,  the 
advantage  of  using  the  design  of  Fig.  3  is  that  it  is  easy  to  be 
fabricated,  since  air  can  be  conveniently  used  as  the  dielec¬ 
tric  filling  material  providing  the  greatest  dielectric  break¬ 
down  voltage.  Furthermore,  it  is  seen  in  Fig.  3  that  the  trans¬ 
mission  band  is  surrounded  by  two  wide  stopbands  where  the 
circulator  becomes  highly  reflective  (reflection  loss  —0.3  and 
-1  dB,  respectively).  The  circulator  can  be  thus  deployed  in 
front  of  a  frequency  selective  radome  which,  while  it  is  in¬ 
tended  to  transmit/receive  signals  at  the  desirable  frequencies 
near  2.528  GHz,  blocks  effectively  other  unwanted  jamming/ 
interfering  signals  above  and  below  the  transmission  band  in 
wide  frequency  ranges  to  protect  the  electronics  inside  the 
radome. 
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For  a  nonellipsoidal  magnetic  sample,  the  internal  magnetic  field  Hint(r)  is  inhomogeneous  even 
when  a  uniform  external  magnetic  field  Happ  is  applied  to  it.  In  such  a  case  the  elements  of  the 
demagnetizing  tensor  become  position-dependent,  N=N(r).  The  knowledge  of  the  local 
demagnetization  tensor  is  important  for  the  analysis  and  design  of  devices  using  finite  size  and  shape 
magnetic  elements.  The  demagnetizing  tensor  elements  can  be  calculated  analytically  and/or 
numerically,  however,  often  a  quick  check  of  the  extent  of  the  inhomogeneity  of  the  magnetization 
distribution  of  a  sample,  or  a  single  approximate  value  of  the  demagnetizing  factor  for  the  given 
non-ellipsoidal  geometry,  would  be  satisfactory.  Therefore  a  method  to  define  and  measure  an 
effective  demagnetizing  tensor  element  A/eff  for  rectangular  and  circular  shapes  has  been  developed. 
Experiments,  performed  on  2X4  mm2  yttrium  iron  garnet  samples  up  to  220  pm  thickness,  show 
that  the  analytical  approximation  can  be  used  to  define  an  N^.  But  even  for  a  length/thickness  ratio 
of  200,  the  thin  film  approximation  still  is  in  an  error  of  3.7%.  ©  1996  American  Institute  of 
Physics .  [S0021-8979(96)75608-9] 


I.  INTRODUCTION 

Ferrite  elements  are  widely  used  in  microwave  devices, 
isolators,  circulators,  and  phase  shifters.  The  traditional  ele¬ 
ments  have  a  spherical  shape  and  uniform  magnetization. 

As  the  industry  turns  to  monolithic  integrated/hybrid 
nonreciprocal  microwave  devices,  planar  geometries  have  to 
be  used.  At  microwave  frequencies,  the  size  of  a  distributed 
microstrip  circulator  is  related  to  the  wavelength  in  the  fer¬ 
rite  (~r/2). 

The  magnetization  distribution  in  modem  planar  ferrite 
elements,  due  to  the  nonellipsoidal  shape  of  the  ferrite,  is  no 
more  uniform.  This  gives  rise  to  nonuniform  internal  fields, 
affecting  the  operation  of  the  device.  In  planar  microwave 
devices,  the  thickness  of  the  layers  is  in  the  range  of  100  pm, 
and  the  lateral  dimensions  are  comparable  to  the  thickness 
so,  the  aspect  ratio  cannot  be  regarded  as  infinite.  As  a  result, 
demagnetizing  effects  cannot  be  neglected.  Due  to  inhomo¬ 
geneous  demagnetizing  fields,  the  value  of  the  external  bias 
field  in  general  has  to  be  increased  as  compared  to  the  case 
of  the  spherical  geometry.  Another  problem,  arising  from  the 
fact  that  the  ferrite  element  is  not  a  thin  film,  is  that  one  has 
to  solve  the  problem  in  three  dimensions.  The  distribution  of 
the  internal  magnetization  of  the  ferrite  and  the  electromag¬ 
netic  field  around  the  edges  has  a  great  important  for  device 
performance.4  In  designing  magnetic  devices,  the  range  of 
Nzz  is  the  measure  of  the  inhomogeneity  of  the  internal  field 
in  the  sample. 

The  inhomogeneity  of  magnetization  should  be  taken 
into  account  in  device  design,  i.e.,  the  knowledge  of  local 
distribution  of  demagnetization  factors  A/l7(x,y,z)  is  neces¬ 
sary.  If  the  local  demagnetizing  tensor  is  known,  the  equilib¬ 
rium  distribution  of  the  magnetization  can  be  calculated  by 
micromagnetic  methods. 

The  demagnetizing  correction  is  nontrivial  for  samples 
in  open  magnetic  circuits.  An  exact  correction  can  be  ob¬ 


tained  only  for  ellipsoids,  where  both  the  magnetization  M 
and  the  demagnetizing  field  are  uniform  under  a  uniform 
applied  field  Happ.5"7  If  the  three  principal  ellipsoid  axes 
coincide  with  the  x,  y,  and  z  axes,  then  the  internal  field  is: 

H;„  =  Happ  +  = Happ — NM  (1) 

where  N  is  a  diagonal  demagnetizing  tensor,  and  Nxx  +  Nyy 
+  =  1,0  ^  N  ^  linSI  units,  and  0  ^  N  4tt  in  CGS 

units. 

For  nonellipsoidal  samples,  if  the  sample  is  placed  in  a 
uniform  applied  field  Happ  along  its  axis,  a  demagnetization 
factor  N  can  be  defined  as  the  ratio  of  the  average  demagne¬ 
tizing  field  to  the  average  magnetization  of  the  entire 
sample:8 

J5H(/(r)rfS=-^^M(r)rfS.  (2) 

But  now  N  is  the  function  of  the  aspect  ratio,  m=L/D  (length 
to  diameter).  So,  the  ellipsoidal  approximation  is  no  longer 
suitable  and  a  relationship  between  the  shape  and  size  of  the 
ferrite  element  and  the  demagnetizing  factors  should  be  de¬ 
veloped.  The  demagnetizing  factors,  and/or  the  local  demag¬ 
netizing  tensor  elements  have  been  calculated  analytically  in 
Refs.  1-3  using  various  approximations.  Nonuniform  de¬ 
magnetizing  factors  have  been  calculated  in  Ref.  1 ,  based  on 
a  first  order  approximation,  that  the  direction  of  the  magne¬ 
tization  coincides  with  the  direction  of  the  local  magnetic 
field  at  any  point  within  the  sample.  This  approximation  may 
cause  a  20%  error.  It  is  desirable  to  know  the  difference 
between  the  real  demagnetizing  factors  and  that  calculated 
by  Ref.  1. 

In  the  present  work  an  experimental  method  was  devel¬ 
oped  to  determine  an  effective  demagnetizing  factor  Neff  for 
thick,  small  rectangular  and  circular  ferrite  samples.  The  re¬ 
sults  are  compared  to  A/eff,  derived  from  Ref.  1,  based  on  a 
technique  of  statistical  averaging  over  the  volume. 
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FIG.  1.  Calculated  distribution  of  local  demagnetization  factors  Nzz(xyy)  on 
the  center  plane,  z=0,  of  a  2X4X0.135  mm3  YIG  sample. 


II.  EXPERIMENTS 

The  method  to  determine  an  effective  demagnetizing  fac¬ 
tor  for  a  nonellipsoidal  sample  is  based  on  the  measurement 
of  the  in-plane  and  out-of-plane  major  hysteresis  loops  using 
a  vibrating  sample  magnetometer  (VSM).  Experiments  were 
performed  on  4X2  mm2  rectangular  yttrium  iron  garnet 
(YIG)  films  (47 tMs  -  1780  G),  in  the  thickness  range  from 
4.7  to  220  /mi ;  on  3-5  mm  square  YIG  films  of  140  /mi 
thickness;  and  on  round  polycrystalline  MnMg  ferrites 
(AirMs  —  2350  G)  of  0.15  in.  diameter,  thickness  from  0.005 
in.  to  0.025  in.  The  measured  YIG  samples  were  grown  by 
liquid  phase  epitaxy  on  (111)  GGG  substrates.  All  samples 
were  cut  from  the  same  wafer,  and  polished  to  the  final  thick¬ 
ness.  The  measured  magnetization  curves  have  been  cor¬ 
rected  for  the  paramagnetic  contribution  of  the  GGG  sub¬ 
strate. 

The  procedure  is  illustrated  for  the  case  of  the  rectangu¬ 
lar  geometry.  The  dimensions  of  the  rectangular  sample  are: 
2aX2Z?X2/i=2X4X0.135  mm3.  For  this  configuration,  the 
3D  distribution  of  demagnetizing  factors,  A^(x,y,z)  has 
been  calculated.  Figure  1  illustrates  Nzz(x,y)  in  the  central 
plane  (z=0)  of  the  YIG  sample.  For  this  geometry  the  distri¬ 
bution  of  the  magnetization  is  mostly  uniform;  inhomoge¬ 
neous  fields  occur  only  around  the  edges  of  the  sample. 

The  maximum  Nzz  is  at  the  center  on  the  top  surface. 
The  smallest  value  is  at  the  comers  of  the  sample.  If 
Nzz(x,y)  is  calculated  over  planes,  corresponding  to  differ¬ 
ent  z,  then  after  averaging  Nzz(x,y)  over  the  plane,  the  maxi¬ 
mum  average  Max  Nzz  will  appear  on  the  top  and  bottom 
planes  of  sample,  while  the  minimum  Nzz  will  be  on  the 
center  plane  of  the  sample.  We  expect  that  the  experimen¬ 
tally  determined  Nzz^{ f  will  correspond  to  the  average  of 
Nzz(x,y,z)  all  over  the  sample. 

Aeff  can  be  determined  from  in-plane  and  out-of-plane 
hysteresis  loops.  For  the  case  of  negligible  anisotropy  (as 
compared  to  AttMs ),  the  loops  are  expected  to  be  congruent 
after  correcting  for  the  demagnetizing  factors.  Based  on  this 
assumption,  the  expression  Hm  =  i/app  -  4  ttMsNq] has  been 
used  to  find  Neff ,  i.e.,  to  correct  the  in-plane  and  out-of-plane 


TABLE  I.  Thickness  dependence  of  demagnetizing  factors  for  MgMn- 
ferrite  discs,  diameter:  D=0.15  in.,  height:  L= 0.010,  0.015,  and  0.020  in. 


N 

D/L=  15 

D/L=  10 

D/L—1.5 

Nxx 

Theory  (2) 

0.0482 

0.0696 

0.0894 

Measured 

0.0562 

0.0785 

0.0955 

Na 

Theory  (2) 

0.904 

0.861 

0.821 

Theory  (3) 

0.8478 

0.7967 

0.7533 

Measured 

0.758 

0.725 

0.698 

loops  until  they  coincide.  First,  it  is  assumed  that  the  samples 
are  thin  enough,  therefore,  Nxx  approaches  zero;  i.e.,  the  in¬ 
plane  hysteresis  loop  is  not  corrected.  Then,  the  out-of-plane 
loop  should  be  corrected  with  a  proper  Nzz  until  it  overlaps 
with  the  in-plane  loop.  This  procedure  gives  the  minimum  of 
Nzz .  Next,  it  is  considered  that  the  inhomogeneous  field  ex¬ 
ists  not  only  in  the  out-of-plane  direction,  but  also  in-plane. 
So,  both  hysteresis  loops  should  be  corrected  by  Nzz  and 
Nxx  to  arrive  to  the  same  loop.  The  final  hysteresis  loops, 
after  corrected  by  demagnetizing  factors,  should  not  “over¬ 
shoot,”  i.e.,  have  a  negative  slope.  This  limiting  Nzz  is  the 
maximum  Nzz,  and  Max  Nzz  =  Min  Nzz  +  Nxx .  The  values 
of  Max  Nzz  and  Min  Nzz,  determined  experimentally,  are 
used  to  verify  the  numerical  results  of  Refs.  1-3. 

III.  RESULTS  AND  DISCUSSION 

The  correction  procedure  has  been  applied  to  a  series  of 
YIG  samples  of  same  size,  but  having  different  thickness, 
and  same  thickness  but  different  size;  and  circular  MgMn 
ferrites  of  different  thickness. 

A.  Circular  ferrite  samples 

Figures  2(a)  and  2(b)  illustrate  the  in-plane  hysteresis 
loops  before  and  after  the  correction  was  performed  for  cir¬ 
cular  ferrite  samples  of  different  aspect  ratios  (Z)=0.15  in.) 
and  are  given  in  Table  I.  Theoretical  values  for  Nxx  in  Table 
1  are  calculated  by  Eq.  (2),  and  the  corresponding  Nzz 
=  1-2 Nxx  are  given  in  Table  I.  The  difference  between  the 
experimental  data  and  the  theoretical  results  of  the  ellipsoi¬ 
dal  approximation  (2)  is  much  larger  than  expected.  There¬ 
fore,  the  solenoid  approximation  of  Eq.  (3)  has  been  used  to 
calculate  the  effective  demagnetizing  factors  of  circular 
samples: 

Nzz=l-4LLsl(fi,QvD2),  (3) 

where  Ls  contains  the  complete  elliptic  integrals,  and  yu0  is 
the  permeability  of  vacuum.  Table  I  shows  that  both  Eqs.  (2) 
and  (3)  underestimate  the  effect  of  the  shape,  i.e.,  the  inho¬ 
mogeneity  of  the  internal  field  for  disk  shaped  samples. 

B.  Rectangular  YIG  samples 

Measurements  were  done  on  4X2  mm2  YIG  films  up  to 
220  fim  thickness.  The  theoretical  results  for  the  local  de¬ 
magnetizing  tensor  element  Nzz(x,y,z ),  are  based  on  the  first 
order  approximation  of  Ref.  1 .  Calculated  and  measured  de¬ 
magnetizing  factors  are  given  in  Table  II  and  Fig.  3.  In  the 
theoretical  estimation  column,  Max  Nzz  is  the  average  of 
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FIG.  2.  In  plane  hysteresis  loops  for  MnMg  ferrite  disks,  D=0.15  in., 
L=0.010,  0.015,  and  0.020  in.;  (a)  as  measured,  (b)  after  correcting  by  the 
demagnetizing  factors  Nxx  and  Nzz . 

demagnetization  factors  on  the  top  (bottom)  plane, 
min  Nzz  is  on  the  center  plane;  Avg  Nzz  is  the  average  all 
over  the  sample.  The  agreement  between  the  averaged  values 
of  the  first  order  approximation  of  Ref.  1  and  the  measured 
demagnetization  factors  is  in  good  agreement  with  Ref.  1, 
however  the  experimental  data  suggest  a  different  slope  of 
the  curve. 

C.  Shape  dependence  of  the  demagnetizing  factor 

Measurements  of  the  shape  dependence  of  the  magneti¬ 
zation  curves  are  performed  on  h=  140-/mi-thick  square 
(L= 3,  4,  and  5  mm)  YIG  samples  with  aspect  ratio  of  20 ^L/ 
/z=^200.  The  calculated  and  measured  values  of  Nzz  are  given 
in  Table  III.  The  difference  between  the  measured 
Max  Nzz  and  the  calculated  value  is  3%  for  the  smallest 


TABLE  II.  Shape  dependence  of  demagnetizing  factors  for  square  YIG 
samples  (side  L,  thickness  h- 140  /mi). 


Demagnetization 
factor  N 

Nxx  Measured 

L/h—2\A 

0.042 

Uh^  28.6 

0.0368 

L/h= 35.7 

0.030 

Uh= 214.2 

(theor.) 

Nzz  Theory 

Max 

0.864 

0.867 

0.868 

0.964 

Min 

0.814 

0.817 

0.818 

0.956 

Ave 

0.828 

0.830 

0.831 

0.960 

Measured 

Max 

0.840 

0.856 

0.873 

Min 

0.798 

0.820 

0.843 

Error 

3.0% 

1.2% 

0.6% 

FIG.  3.  Thickness  dependence  of  the  measured  effective  demagnetizing 
factor  Nzz  of  2X4  mm2  epitaxial  YIG  films  (solid  circles),  compared  to  the 
averaged  values  calculated  from  Ref.  1  (solid  line). 

sample,  and  it  is  less  than  1%  for  the  5  mm  sample.  How¬ 
ever,  for  L/h= 214  the  calculated  Max  Nzz  is  only  0.964,  i.e., 
the  validity  of  the  thin  film  approximation  is  still  worse  than 
3%. 


The  internal  field  of  a  finite  size,  finite  thickness  mag¬ 
netic  material  is  nonuniform,  which  affects  the  operation  of 
microwave  ferrite  devices.  The  knowledge  of  the  local  de¬ 
magnetizing  tensor  elements  iVi7-(x,y,z)  is  necessary  to  ana¬ 
lyze  and  design  such  devices.  Analytical  calculations  of  the 
demagnetizing  tensor  elements  are  based  on  approximations. 
To  investigate  the  applicability  of  these  theories,  a  method, 
based  on  in-plane  and  out-of-plane  hysteresis  loop  measure¬ 
ments,  has  been  developed  to  define  and  measure  an  effec¬ 
tive  demagnetizing  factor  for  nonellipsoidal  samples.  The 
measurements  dependence  of  the  effective  Nzz ,  Nxx  on 
thickness,  sample  size,  and  shape  have  been  performed  on 
rectangular  YIG  and  circular  MgMn  ferrite  samples.  The 
measured  data  have  been  compared  to  the  properly  averaged, 
calculated  results,  and  it  is  concluded,  that  the  agreement 
between  the  calculated  and  measured  Neff  values  for  rectan¬ 
gular  YIG  samples  is  very  good,  however,  the  available  ana¬ 
lytical  calculations  underestimate  the  inhomogeneity  for  the 
case  of  disc-shaped  samples. 

ACKNOWLEDGMENTS 

Stimulating  discussions  with  colleagues  from  the  Ferrite 
Development  Consortium  and  the  Magnetics  Research  Insti¬ 
tute  are  appreciated.  This  work  was  partially  supported  by 
ARPA  Ferrite  Development  Consortium. 

*R.  I.  Josephs  and  E.  Schloemann,  J.  Appl.  Phys.  36,  1579  (1965). 

2R.  M.  Bozorth,  Ferromagnetism  (IEEE,  New  York,  1993),  pp.  848-849. 
3D-X.  Chen,  J.  A.  Brug,  and  R.  B.  Goldfarb,  IEEE  Trans.  Magn.  27,  3601 
(1991). 

■  4G.  Vertesy,  M.  Pardavi-Horvath,  L.  Bodis,  and  I.  Pinter,  J.  Magn.  Magn. 
Mater  75,  389  (1988). 

5  J.  Clerk  Maxwell,  A  Treatise  on  Electricity  and  Magnetism ,  3rd  ed.,  (Ox¬ 
ford,  Clarendon,  1892),  Vol.  2,  pp.  66-73. 

6H.  Zijlstra,  Experimental  Methods  in  Magnetism  (North-Holland,  Amster¬ 
dam,  1967), Vol.  2,  pp.  69-72. 

7J.  A.  Osborn,  Phys.  Rev.  67,  35  (1945). 

SE.  C.  Stoner,  Philos.  Magn.  Ser.  7  36,  803  (1945). 


V.  CONCLUSIONS 


5744  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Zheng  et  al. 


Quantum  fluctuations  in  antiferromagnets  of  the  BX2  family  (abstract) 

E.  Rastelli  and  A.  Tassi 

INFM,  Dipartimento  di  Fisica ,  Universita  di  Parma,  43100  Parma,  Italy 

The  hexagonal  antiferromagnets  of  the  BX2  family,  where  B  is  a  magnetic  ion,  and  X  a  halogen,  are 
characterized  by  an  in  plane  exchange  interaction  J  much  stronger  than  the  exchange  interaction  Jr 
along  the  c  axis,  so  that  some  features  of  the  triangular  antiferromagnet  (TA)  could  survive  in  these 
real  compounds.  In  particular  we  are  interested  to  investigate  a  possible  “planar”  phase  with  the 
spins  lying  in  the  c  plane  supported  by  quantum  fluctuations  when  an  external  magnetic  field  H  is 
applied  perpendicular  to  the  c  axis.  We  find  that  such  a  phase  is  stable  for  sufficiently  small 
interplane  coupling  owing  to  the  zero  point  motion  energy,  whereas  an  “umbrella”  phase  would  be 
expected  on  the  basis  of  the  classical  approximation  for  any  nonzero  interplane  coupling.  Notice  that 
for  the  TA  model  the  planar  and  umbrella  configurations  are  degenerate  in  classical  approximation 
for  any  H  and  infinite  isoenergetic  planar  configurations  exist.  Quantum  fluctuations  select  a  planar 
configuration  with  a  spin  over  three  opposite  to  the  field.1  We  find  that  the  classical  scenario  itself 
is  substantially  different  for  any  j=J'  IJ41 0,  because  only  a  planar  configuration  with  a  spin  over 
three  nearly  perpendicular  to  the  field  and  the  umbrella  configuration  minimize  the  energy  of  the 
model  and  the  umbrella  is  stable.  However,  quantum  fluctuations  stabilize  the  planar  configuration 
for  any  H  below  a  critical  interplane  coupling  y*.  For  intermediate  j  the  planar  configuration  is 
stable  for  low  and  high  fields,  whereas  only  the  umbrella  phase  is  stable  of  j  large  enough.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)69808-3] 


*A.  V.  Chubukov  and  D.  I.  Golosov,  J.  Phys.  CM  3,  69  (1991). 


Spin  configurations  in  VBr2  supported  by  uniaxal  anistropy  and 
quantum  fluctuations  (abstract) 

E.  Rastelli  and  A.  Tassi 

INFM,  Dipartimento  di  Fisica,  Universita  di  Parma,  43100  Parma,  Italy 

Small  single  ion  anisotropy  is  believed  to  play  an  important  role  in  selecting  the  plane  where  the 
spins  lie  in  hexagonal  anitferromagnets  on  the  basis  of  the  classical  approximation.  For  instance,  in 
VBr2  a  small  easy-axis  single  ion  anisotropy  is  expected  to  force  the  spins  in  a  plane  containing  the 
c  axis  and  the  classical  approximation  suggests  that  the  spin  configuration  should  be  an  “umbrella” 
configuration  with  axis  along  the  external  magnetic  field  perpendicular  to  the  c  axis.1  However,  the 
classical  expectation  is  questionable  because  the  zero  point  motion  energy  supports  spin 
configurations  with  the  spins  lying  in  a  plane  containing  the  magnetic  field.  We  find  that  the 
“planar”  configuration  with  the  spins  in  the  plane  containing  the  oaxis  and  the  external  magnetic 
field  is  stable  for  interplane  coupling  and  anisotropy  sufficiently  small.  Since  this  is  the  case  of 
VBr2,  our  results  rise  some  doubts  about  the  interpretation  of  experimental  data  in  VBr2  when  an 
external  magnetic  field  is  applied.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)69908-X] 


1 H.  Kadowaki,  K.  Ubukoshi,  and  K.  Hirakawa,  J.  Phys.  Soc.  Jpn.  54,  363 
(1985). 
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Micromagnetics  and  Hysteresis 


Stanley  Charap,  Chairman 


Henkel  plots  and  the  Preisach  model  of  hysteresis 

C.  J.  Buehler  and  I.  D.  Mayergoyz 

Department  of  Electrical  Engineering,  University  of  Maryland,  College  Park,  Maryland  20742 

Interpretation  of  Henkel  plots  in  terms  of  the  Preisach  model  is  revisited.  The  Preisach  model  is 
treated  as  a  purely  phenomenological  one  and  the  Henkel  plots  are  directly  related  to  experimental 
data,  namely,  to  the  first-order  transition  curves.  ©  1996  American  Institute  of  Physics. 
[S002 1  - 897 9 (96)20208-4] 


Henkel  plots  have  been  the  focus  of  considerable  re¬ 
search  in  magnetics  in  recent  years.  This  is  because  these 
plots  can  provide  some  insights  concerning  interaction 
mechanisms  that  govern  magnetization  processes.1,2  In  a 
ground  breaking  paper  of  Basso  and  Bertotti,3  the  classical 
Preisach  model  has  been  used  for  the  interpretation  of  Hen¬ 
kel  plots.  This  line  of  research  has  been  further  extended  in 
subsequent  publications  (see,  for  instance,  Refs.  4  and  5).  In 
all  of  these  publications,  the  Preisach  model  has  been  viewed 
as  a  physical  model.  For  this  reason,  the  distribution  (weight) 
function  p(a,(3)  [or  /x(a,/3)]  has  been  given  a  probabilistic 
interpretation,  and  it  has  been  assumed  to  be  positive.  It  has 
been  shown  by  Basso  and  Bertotti  that,  under  this  assump¬ 
tion,  the  classical  Preisach  model  imposes  some  restrictions 
on  the  possible  configurations  of  Henkel  plots.  It  has  been 
suggested  that  these  restrictions  on  Henkel  plots  can  be  re¬ 
moved  by  using  the  moving  Preisach  model.6 

In  this  paper,  the  interpretation  of  Henkel  plots  in  terms 
of  the  Preisach  model  is  revisited.  The  Preisach  model  is 
treated  as  a  purely  phenomenological  one  for  which  the 
question  of  its  applicability  can  be  posed  and  answered  on 
solely  mathematical  grounds  without  invoking  any  physical 
arguments.  For  this  reason,  no  a  priori  assumptions  are  made 
concerning  the  weight  function  /x(a,/3)  except  those  that  are 
imposed  by  the  experimental  data  used  for  the  identification 
of  the  model.  By  using  this  approach,  we  relate  the  Henkel 
plots  directly  to  first-order  transition  curves.  These  curves 
constitute  the  experimental  data  used  for  identification.7  In 


FIG.  1 .  Definition  of  Henkel  plot  variables  fd,fr^  and  /*  • 


this  way,  it  is  demonstrated  that  under  some  conceivable  con¬ 
ditions  on  the  first-order  transition  curves,  the  classical  Prei¬ 
sach  model  can  yield  Henkel  plots  that  may  lie  outside  the 
constrained  region  established  by  Basso  and  Bertotti.  An¬ 
other  (and  probably  more  important)  benefit  of  this  approach 
is  the  ability  to  compute  the  Henkel  plots  directly  in  terms  of 
first-order  transition  curves  without  numerical  “preparation” 
of  the  ac  demagnetized  state.  This  is  important  because  the 
shape  of  the  Henkel  plots  is  very  sensitive  to  the  precise 
method  by  which  the  ac  demagnetized  state  is  prepared.4 
This  sensitivity  has  been  one  reason  (among  other  things) 
why  a  “thermally”  demagnetized  state  has  been  introduced.5 

To  start  the  discussion,  we  recall  that  Henkel  plots  rep¬ 
resent  the  fd  vs  fr  relationship,  where  fd-fd!fx  and 
f  r= f  r! foo  and  where  the  physical  meaning  offd,fr  and  /ro  is 
demonstrated  by  Fig.  1.  It  is  customary  to  associate  the  linear 
Wohlfarth  relation 

fd(u)=f«=~VAu)  (1) 


FIG.  2.  Rectangular  regions  of  integration. 
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fig.  3.  (a)  fr  diagram,  (b)  fd  diagram,  and  (c)  fx  diagram.  FIG.  4.  Intermediate  steps  in  manipulations  of  ( f*~2fr )  diagrams. 


with  noninteracting  “particles,”  while  inequalities 

fd(u)>f„-2fr(u),  (2) 

/d(«)</=»-2/r(M)  (3) 

are  associated  with  positive  (magnetizing-like)  and  negative 
(demagnetizing-like)  interactions,  respectively.  It  has  been 
shown3  that  the  classical  Preisach  model, 

/(*)=[  j  )ya/3u(t)da  d/3,  (4) 

a»/3 

imposes  the  restriction  (3)  on  Henkel  plots  under  the  as¬ 
sumption  that  fi(a,0)  is  positive.  To  revisit  this  issue,  we 
introduce 
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A/=/,-(/*-2/,),  (5) 

and  shall  next  derive  the  expression  for  A /  in  terms  of  first- 
order  transition  curves.  To  this  end,  we  first  show  that 

J  f i{a,fi)da  d/3,  (6) 

where  Ru  is  the  rectangle  pictured  in  Fig.  2(a). 

The  proof  of  (6)  is  based  on  the  symmetry  of  the  weight 
function, 

=  (3,-a),  (7) 

and  the  careful  manipulation  of  Preisach  diagrams  that  cor¬ 
respond  to  fr  and  fd  “states,”  respectively.  Diagrams  shown 
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FIG,  5.  Illustration  of  relevant  first-order  transition  curve  values. 


in  Figs.  3(a)-3(c)  correspond  to  fr,  fd,  and  fK  “states.” 
Subtracting  twice  the  fr  diagram  from  the  diagram  yields 
the  intermediate  result  shown  in  Fig.  4(a).  By  using  the  sym¬ 
metry  property  of  ^(a,/?),  we  can  simplify  this  diagram  to 
the  one  shown  in  Fig.  4(b).  By  using  transposition  about  the 
symmetry  line  a=  -fa  we  end  up  with  the  diagram  shown  in 
Fig.  4(c).  Now,  we  notice  that  the  fd  diagram  and  the 
(f  qq  2 f  r )  diagram  differ  only  in  a  rectangular  region.  By 
performing  one  more  subtraction,  we  arrive  at  the  final  Prei- 
sach  A /  diagram  [Fig.  2(a)].  This  diagram  leads  to  the  ex¬ 
pression  (6). 

Clearly,  if  //,(a,/3)  is  assumed  to  be  positive,  then  the 
integral  in  (6)  must  always  be  negative,  leading  to  the 
conclusion3  that  the  classical  Preisach  model  always  pro¬ 
duces  demagnetizing-like  Henkel  plots.  However,  we  shall 
not  use  any  a  priori  assumption  concerning  jm(a,fa)y  but 
rather  relate  the  integral  in  (6)  directly  to  first-order  transi¬ 
tion  curves. 

To  achieve  this,  we  transform  Eq.  (6)  as  follows: 

A/=  - 2 j  j  f  M<x,P)dad/3 

\  /?(ao,w,0) 

~  J  J  n{a,{3)da  d/3 j  ,  (8) 

R(a0,u,~u)  j 

where  rectangles  R(aQfu, 0),  R(a0fu,-u),  and  Ru  are  re¬ 
lated  by  the  expression  R(a0,ufi)  =  R(a0,u,- u)  +  Ru  and 
rectangle  R(a0,u,-u )  is  outlined  in  Fig.  2(b). 

It  can  be  shown  (see  Ref.  7  p.  68)  that  the  integrals  in  (8) 
can  be  directly  related  to  the  first-order  transition  curves  as 
follows: 

2  J  J  /J,(a,f3)da  d/3=fo-fu0,  (9) 

fl(a0,w,0) 

2  j  f  /i(a,fi)da  dfi=fZu-fu-H,  (10) 

R(aQ,u,-u) 

where  the  meaning  of  /q  ,  fZ„,  /„>0,  and  /„  is  demon¬ 
strated  by  Fig.  5.  By  substituting  (9)  and  (10)  in  (8),  we 


FIG.  6.  Example  first-order  transition  curves,  which  satisfy  the  conditions 
for  a  demagnetizing-like  Henkel  plot. 


obtain 

a/=(/:„-/o  )+(/„, (ii) 

By  using  symmetry,  we  easily  find 

(12) 

From  (11)  and  (12),  we  derive  the  final  expression: 

A/=  (fu,0~fu,-u)  -  (fu  _/o  )•  (13) 

It  is  clear  that  the  classical  Preisach  model  can  produce  a 
magnetizing-like  Henkel  plot  if 

fu,0-fu.-u>f:~fo-  (14) 


As  shown  in  Fig.  6,  it  is  conceivable  to  have  the  first-order 
transition  curves,  which  satisfy  inequality  (14). 

Next,  we  shall  demonstrate  that  the  Henkel  plots  can  be 
directly  computed  in  terms  of  the  first-order  transition 
curves.  The  calculation  of  these  plots  in  terms  of  the  first- 
order  transition  curves  is  based  on  the  following  observa¬ 
tions.  First,  fd  can  be  construed  as  and  /«,  as  — /q  . 

Second,  by  using  these  facts  and  substituting  (5)  into  (13), 
we  derive  the  following  expression  for  fr  in  terms  of  the 
first-order  transition  curves: 

/r=/K,o-^(/„.-„+/„+).  (15) 

Thus,  fr  can  be  computed  by  using  first-order  transition 
curves,  i.e.  without  numerical  preparation  of  the  demagne¬ 
tized  state. 
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Kinetic  Ising  systems  as  models  of  magnetization  switching 
in  submicron  ferromagnets 
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Experimental  techniques,  such  as  magnetic  force  microscopy  (MFM),  have  recently  enabled  the 
magnetic  state  of  individual  submicron  particles  to  be  resolved.  Motivated  by  these  experimental 
developments,  we  use  Monte  Carlo  simulations  of  two-dimensional  kinetic  Ising  ferromagnets  to 
study  the  magnetic  relaxation  in  a  negative  applied  field  of  a  grain  with  an  initial  magnetization 
m0=  + 1 .  The  magnetostatic  dipole-dipole  interactions  are  treated  to  lowest  order  by  adding  to  the 
Hamiltonian  a  term  proportional  to  the  square  of  the  magnetization.  We  use  droplet  theory  to  predict 
the  functional  forms  for  some  quantities,  which  can  be  observed  by  MFM.  One  such  quantity  is  the 
probability  that  the  magnetization  is  positive,  which  is  a  function  of  time,  field,  grain  size,  and  grain 
dimensionality.  The  relaxation  is  characterized  by  the  number  of  droplets  larger  than  a 
field-dependent  critical  size,  which  form  during  the  switching  process.  Our  simulations  of  the 
kinetic  Ising  model  are  in  excellent  agreement  with  droplet- theoretical  predictions.  The  qualitative 
agreement  between  experiments  and  our  simulations  of  switching  in  individual  single-domain 
ferromagnets  indicates  that  the  switching  mechanism  in  such  particles  may  involve  local  nucleation 
and  subsequent  growth  of  droplets  of  the  stable  phase.  ©  1996  American  Institute  of  Physics . 
[S002 1-8979(96)20308-0] 


I.  INTRODUCTION 

The  processes  by  which  magnetization  reversal  occurs  in 
the  nanoscale  ferromagnets  that  will  make  up  the  next- 
generation  recording  media  are  the  subject  of  active  research. 
One  quantity  for  which  theory  and  experiment  often  disagree 
is  the  lifetime  r,  which  is  the  time  required  for  a  particle  with 
initial  magnetization  m0=  +  1  to  reach  m  =  0  when  a  mag¬ 
netic  field  in  the  —  £  direction  is  applied.  Micromagnetics,1  a 
theoretic  technique  in  which  differential  equations  are  nu¬ 
merically  solved  on  a  lattice  that  is  coarse  grained  compared 
to  the  physical  lattice,  predicts  that  the  lifetime  is  given  by 
the  Arrhenius  equation, 

rocexp(/3  A F),  (1) 

with  A F^Ld.  Here  d  is  the  dimension,  f3~l  is  the  tempera¬ 
ture  in  units  of  energy,  A  F  is  the  free-energy  barrier  between 
the  stable  and  metastable  phases,  and  L  is  the  linear  system 
size.  [Equation  (1)  must  be  appropriately  generalized  if  there 
is  more  than  one  barrier  or  path  between  the  stable  and  meta¬ 
stable  states.]  This  same  prediction  is  made  by  the  standard 
Neel-Brown  theory  of  single-domain  ferromagnets  2,3  The 
evident  failure  of  Eq.  (1)  with  AF*Ld  for  somewhat  larger 
grains  is  ascribed  to  the  existence  of  more  than  one  domain 
in  larger  particles,  as  is  a  corresponding  peak  in  plots  vs.  L 
of  the  switching  field  tfsw,  which  is  the  field  required  to 
yield  a  given  lifetime. 

Recently,  techniques  such  as  MFM  have  been  used  to 
resolve  the  magnetic  properties  of  isolated,  well- 
characterized  single-domain  particles  (see,  e.g.,  Ref.  4).  This 
is  an  important  advance,  since  previous  experiments  on  fer¬ 
romagnetic  powders  left  uncertainties  due  to  the  range  of 
grain  sizes  and  orientations  and  the  local  magnetic  environ¬ 
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ments.  Observations  of  individual  particles  by  MFM  have 
made  it  clear  that  even  for  many  single-domain  particles, 
Neel-Brown  theory  is  inadequate. 

We  have  applied  the  statistical-mechanical  droplet 
theory  of  metastable  decay  to  nanoscale  ferromagnets  with 
large  uniaxial  anisotropy,  and  compared  Monte  Carlo  simu¬ 
lations  of  square-lattice  Ising  systems  with  droplet-theory 
predictions.5  (For  a  review  of  droplet  theory,  see  Ref.  6.)  The 
agreement  between  theory  and  simulation  is  quite  good,  and 
despite  the  crudeness  of  the  Ising  model  as  a  model  for  real 
magnets,  it  shows  good  qualitative  agreement  with  the  MFM 
experiments.  We  find  rich  L-dependent  behavior  in  the  stan¬ 
dard  Ising  model,  even  though  its  equilibrium  structure  is  a 
single  domain  for  all  L.  This  suggests  that  for  some  strongly 
anisotropic  magnetic  materials,  magnetization  reversal  may 
occur  through  the  nucleation  and  growth  of  nonequilibrium 
droplets.  Details  of  our  work  are  given  in  Refs.  5  and  7, 
including  formulas  for  general  dimensionality.  For  simplic¬ 
ity,  we  only  discuss  the  two-dimensional  case  here. 

II.  APPLIED  DROPLET  THEORY 

To  be  concrete,  consider  a  kinetic  Ising  ( s f=  ±1)  ferro- 
magnet  evolving  under  Metropolis  single-spin-flip  dynamics 
on  a  square  lattice  (d =2)  with  periodic  boundary  condi¬ 
tions.  In  addition  to  terms  arising  from  the  nearest-neighbor 
(n.n.)  coupling  J  and  applied  field  H,  the  Hamiltonian, 
=-J'Lnn'SiSj-H'2isi+L-dD(l,isi )2,  includes  a  term 
(oc D )  representing  a  mean-field  approximation  for  the 
dipole-dipole  interaction  energy.  Unless  noted,  we  set  D  =  0. 
The  critical  radius  of  a  “droplet”  of  st—-  1  spins  sur¬ 
rounded  by  Sj  =  +  1  spins  occurs  when  the  free  energy  of  the 
droplet  {lirRcr- irR22\H\)  is  maximum:  Rc^af2\H\, 
where  a  is  the  surface  tension  per  unit  length.  Droplets 
smaller  than  this  will  . very  probably  shrink  and  vanish;  larger 
droplets  will  very  probably  grow  and  reverse  the  magnetiza- 
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FIG.  1.  The  relation  between  the  switching  field  tfsw  and  the  system  width 
L  for  two  different  fixed  lifetimes  (solid  curves),  calculated  by  kinetic  Ising 
model  simulations  at  A:BT=0.8/:Brc«s  1.815  J.  The  dotted  curve  is  near  the 
crossover  between  the  CE  and  SD  regions;5  the  dash-dotted  curve  is  near 
the  crossover  between  the  SD  and  MD  regions.5 


tion  of  the  system.  In  a  sufficiently  large  system,  the  prob¬ 
ability  per  unit  time  that  a  critical  droplet  forms,  centered  at 
a  given  site,  is  given  by  droplet  theory  as6 

I<*\h\3  exp(“/?7rc72/2|/f|).  (2) 

The  details  of  the  magnetization  reversal  depend  on  the  num¬ 
ber  of  critical  droplets  the  system  forms. 

For  weak  fields  or  small  systems  ( L<RC ),  no  critical 
droplet  can  form.  This  is  called  the  coexistence  (CE)  Region, 
and  since  two  interfaces  (remember  periodic  boundary  con¬ 
ditions)  must  form  to  reverse  the  magnetization, 

T(*exp{/3[2crL  — 0(HL2)]}.  (3) 

For  slightly  larger  L,  the  first  supercritical  droplet  will  grow 
to  the  size  of  the  system  before  another  one  can  form.  The 
lifetime  in  this  Single  Droplet  (SD)  Region  is 

r~{LdI\-K  (4) 

In  both  the  CE  and  SD  regions,  switching  is  a  Poisson  pro¬ 
cess,  so  the  standard  deviation  of  the  lifetime  is  comparable 
to  r.  Both  Eq.  (3)  and  Eq.  (4)  are  actually  special  cases  of  the 
Arrhenius  equation,  Eq.  (1),  but  in  neither  case  is  A  F  pro¬ 
portional  to  Ld.  Note  that  if  ris  held  constant  and  the  system 
size  is  increased,  Eq.  (3)  implies  that  the  magnetic  field  must 
increase ,  whereas  Eq.  (4)  implies  that  the  magnetic  field 
must  decrease.  This  shows  that  the  peak  in  Hm  occurs  near 
the  crossover  between  the  CE  and  SD  regions  (see  Fig.  1). 

The  probability  that  the  magnetization  is  greater  than 
zero  P(m> 0)  is  shown  as  a  function  of  field  in  Fig.  2  for  a 
system  in  the  SD  region.  This  probability  is  what  is  most 
easily  observed  in  MFM  experiments,  and  it  decays  expo¬ 
nentially  with  time  in  both  the  CE  and  SD  regions.  In  the  SD 
region,  the  system  is  very  unlikely  to  return  to  the  metastable 
state  from  the  stable  state,  so 

P(m>0)  =  exp(-f/r).  (5) 

In  the  CE  region  such  backward  switching  takes  place  on  a 
time  scale  comparable  with  the  initial  decay,  so  the  situation 
is  more  complicated. 
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FIG.  2.  The  probability  that  m> 0  for  a  kinetic  Ising  system  in  the  SD 
region.  T- 0.8rc ,  for  fixed  time  /=  914  Monte  Carlo  steps  per  spin  (MCSS) 
and  L—  10.  The  solid  curve  is  a  fit  of  exp(  —  t!  r)  to  the  MC  data,  where  r  is 
given  by  Eq.  (4).  The  inset  figure  shows  the  fitted  curve  over  a  wider  range 
in  H. 

For  sufficiently  large  L  or  H ,  several  supercritical  drop¬ 
lets  may  form  before  any  one  of  them  has  grown  to  the  size 
of  the  system.  This  is  the  Multi-Droplet  Region  (MD).  Such 
systems  were  first  studied  by  Kolmogorov,8  Johnson  and 
Mehl,9  and  Avrami,10  and  have  a  lifetime 

t^\I7tv2I3  In  2]”1/3,  (6) 

where  the  radial  growth  velocity  v  is  assumed  to  be  propor¬ 
tional  to  | FT | .  Although  ris  independent  of  F,  the  variance  of 
the  lifetime  is  proportional  to  ( vfL )2.  Measuring  P(m> 0) 
as  a  function  of  H  or  t  thus  provides  a  means  of  estimating 
the  proportionality  constant  between  v  and  H  (see  Fig.  3). 
Details  are  given  in  Ref.  5. 

To  first  approximation,  the  effects  of  dipole-dipole  in¬ 
teractions  on  the  switching  behavior  can  be  studied  through 
inclusion  of  the  term  L~dD(2isi )2  in  the  Hamiltonian.  The 
system  then  evolves  in  an  effective  field,  Heff=H—2  Dm.  In 
the  CE  and  SD  regions,  the  values  of  m  that  enter  in  Heff 
depend  only  on  the  volume  of  the  critical  fluctuation,  and  the 
modified  AF  in  Eq.  (1)  can  be  easily  evaluated  through  a 
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FIG.  3.  The  probability  that  m> 0  for  a  kinetic  Ising  system  in  the  MD 
region.  T-0.^Tc ,  r=40.7  MCSS  and  L=  30,  100,  and  300.  The  solid  curves 
are  fits  of  droplet  theory  predictions  to  the  MC  data.  The  dashed  curve  is  the 
fit  of  the  droplet-theory  prediction  for  L=  100  extrapolated  to  L  =  300. 
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FIG.  4.  The  lifetime  r  for  a  kinetic  Ising  system  in  the  MD  region,  normal¬ 
ized  by  the  lifetime  in  a  similar  system  with  D~ 0.  T=0,%Tc  ,  and  L=  100. 
The  solid  curves  are  droplet-theory  predictions. 

continued-fraction  expansion.  The  switching  remains  a  Pois¬ 
son  process,  so  Eq.  (5)  still  applies  in  the  SD  region.  In  the 
MD  region,  Heff  involves  the  time-dependent  magnetization 
m(t).  This  can  be  evaluated  analytically  to  0(D).  The  re¬ 
sulting  analytic  expression  for  r  to  0(D),  plus  small  nonlin¬ 
ear  corrections  obtained  by  a  numerical  iteration  procedure, 
give  very  good  agreement  with  simulation  results  (Fig.  4).  A 
detailed  treatment  of  the  D>0  case  is  given  in  Ref.  7. 

III.  CONCLUSION 

We  have  used  Monte  Carlo  methods  to  simulate  magne¬ 
tization  switching  in  two-dimensional  kinetic  Ising  ferro- 
magnets.  The  results  of  the  simulations  can  be  well  explained 


by  droplet  theory  and  show  good  qualitative  agreement  with 
experiments,  despite  the  comparative  simplicity  of  the  Ising 
model.  This  simplicity,  in  turn,  allows  us  to  develop  an  un¬ 
derstanding  of  the  underlying  statistical  mechanics.  Particu¬ 
lar  features  to  make  the  model  more  realistic,  such  as  appro¬ 
priate  boundary  conditions,  quenched  randomness,  and  less 
rigorous  anisotropy  will  be  added  in  later  studies. 
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Simple  function  for  a  complex  domain  configuration 
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A  complex  domain  configuration  found  in  an  iron  whisker  can  be  generated  by  a  function  with  three 
parameters.  The  configuration  is  generated  by  passing  a  current  along  the  axis  of  a  {100}  whisker 
with  a  square  cross  section.  It  has  four  domains  in  which  the  magnetization  circulates  about  a  central 
domain  magnetized  along  the  z  axis.  There  are  four  {110}  90°  walls  and  four  {100}  90°  walls 
separating  these  domains.  Two  of  the  parameters  are  known  a  priori  from  micromagnetics:  al 
describes  type  I  90°  walls  between  two  domains  with  in-plane  magnetization;  and  a2  describes  type 
II  90°  walls  between  the  domains  with  in-plane  magnetization  and  the  central  domain  with  the 
magnetization  out  of  the  plane.  The  third  parameter  h,  which  determines  the  width  of  the  central 
domain,  is  adjustable  to  minimize  the  total  micromagnetic  energy  in  response  to  magnetic  fields. 
The  magnetization  pattern  is  generated  from  a  vector  potential  A(x,y)z .  Calculating 
Ms  curl  A(x9y)z  produces  Mx  and  My .  Then  Mz  is  found  from  M2  +  M2  +  M2Z  =  M2 .  The  potential 
has  four  parts:  A{x,y)=Ax+Az+Ah+Ac ,  where  Ax  and  Ay  are  the  same  function  (with  x  and  y 
interchanged)  used  to  create  the  in-plane  domains  and  the  type  I  walls,  Ah  generates  the  type  II 
walls,  and  Ac  describes  the  outer  comers.  The  resulting  magnetization  is  divergence  free.  The 
analytic  functions  are  convenient  for  calculation  of  the  magnetic  response  to  applied  fields. 
©  1 996  American  Institute  of  Physics.  [S0021-8979(96)20408-7] 


When  a  {100}  iron  whisker  with  a  square  cross  section  is 
fitted  with  lead  wires  to  pass  a  current  along  its  axis,  it  is 
possible  to  achieve  the  structure  illustrated  in  Fig.  1.  This  is 
a  conjecture  for  which  there  is  considerable  experimental 
evidence  from  measurement  of  the  ac  response  of  the  mag¬ 
netization  to  ac  fields  along  the  whisker  axis  (z  axis)  for 
values  of  the  currents  and  dc  fields,  also  along  the  whisker 
axis.1  The  change  in  these  responses  on  application  of  addi¬ 
tional  fields  perpendicular  to  the  z  axis  also  supports  this 
picture. 

The  description  of  the  magnetization  in  the  cross  section 
midway  between  the  ends  of  the  whisker  is  simpler  than  for 
the  cross  sections  away  from  the  midplane.  By  symmetry 
there  are  no  first  derivatives  with  respect  to  z.  Furthermore, 
there  is  no  need  to  have  any  magnetic  charge;  that  is, 
divM=0  within  the  whisker  and  n-M=0  at  the  four  sur¬ 
faces.  For  the  midplane  cross  section  one  can  pretend  that  the 
whisker  is  infinitely  long,  except  for  considerations  of  the 
demagnetizing  fields  coming  from  the  charges  away  from  the 
midplane.  The  pattern  has  four  domains  in  which  the  mag¬ 
netization  circulates  about  a  central  domain  magnetized 
along  the  z  axis.  There  are  four  {110}  90°  walls  and  four 
{100}  90°  walls  separating  these  domains.  In  addition,  the 
magnetization  lies  along  the  edges  of  the  whisker  at  the  cor¬ 
ners  of  the  central  cross  section. 

The  magnetization  at  one  of  the  comers  is  illustrated  in 
Fig.  1  and  Fig.  2.  There  are  eight  distinct  patterns  depending 
on  the  directions  of  the  magnetization  at  the  comers.  As  the 
magnetic  responses  of  these  are  almost  identical,  the  only 
cases  considered  are  where  all  four  corners  have  their  mag¬ 
netization  parallel  or  antiparallel  to  the  magnetization  of  the 
central  domain.  The  in-plane  components  of  the  conjectured 
magnetization  pattern  are  shown  in  Fig.  2.  With  standard 
expressions  from  one-dimensional  models  it  is  possible  to 
describe  this  pattern  by  dividing  it  into  the  five  domains  and 


the  eight  walls,  but  this  does  not  take  into  account  either  the 
four  outside  comers  or  the  four  inside  corners.  Because  the 
experiments1  indicate  quite  singular  behavior  as  the  area  of 
the  central  domain  approaches  zero,  one  might  wonder  if  the 
energetics  of  the  inside  comers  are  responsible.  This  possi¬ 
bility  led  to  the  detailed  study  of  this  configuration.2  The 
cause  of  the  singular  behavior  is  the  magnetoelastic  energy3 
and  is  not  due  to  the  energetics  of  the  inside  comers.  Never¬ 
theless,  this  did  lead  to  the  description  of  the  configuration 
presented  here. 

Because  there  have  been  no  direct  observations  of  the 
inner  domain  pattern  it  is  necessary  to  rely  on  agreement 
between  model  calculations  and  experiments.  There  are 
many  terms  in  the  expression  for  the  energy  of  a  whisker 
with  such  a  domain  pattern.  There  are  the  magnetostatic 
terms  of  interaction  between  the  magnetization  and  the  vari¬ 
ous  applied  fields,  including  the  field  from  the  current.  There 
are  the  micromagnetic  terms  from  the  wall  energies,  includ¬ 
ing  exchange  and  anisotropy,  the  magnetoelastic  energy  from 
the  strains  resulting  from  the  conflicting  directions  of  mag¬ 
netization  in  the  five  domains,  and  the  demagnetizing  field 
energy  from  the  interaction  of  the  magnetization  with  itself. 


FIG.  1.  Domain  structure  for  a  {100}  iron  whisker  fitted  with  lead  wires  to 
pass  a  current  along  its  axis. 
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FIG.  3.  Vector  potential  used  to  generate  the  complex  domain  pattern.  Equa¬ 
tion  (9)  is  illustrated  for  greatly  exaggerated  ratios  of  ax!d  and  a2ld ,  taken 
here  to  be  1/20  and  1/30,  respectively,  whereas  they  should  be  two  orders  of 
magnitude  smaller  for  a  typical  whisker. 


FIG.  2.  In-plane  components  of  the  conjectured  magnetization  pattern. 


To  describe  all  of  these  terms  analytically  it  is  convenient  to 
have  a  mathematical  description  of  the  conjectured  magneti¬ 
zation  pattern.  Such  a  pattern  can  be  characterized  by  three 
parameters.  These  are  the  area  of  the  central  domain  Ac=  h2, 
the  thickness  of  the  {110}  walls  a2  =  ano  and  the  thickness  of 
the  {100}  walls  ax  =  a  100.  As  the  wall  thicknesses  are  already 
known,  the  pattern  is  a  function  of  h. 

A  functional  form  for  this  pattern  is  given  here  using  a 
vector  potential  A=/(x,y)z  to  generate  the  in-plane  compo¬ 
nents  of  the  magnetization  from  M=curl  A.  The  z  compo¬ 
nents  are  found  by  the  condition  that  M2  =  Ml  +  M2  +  Ml. 
The  functional  form/(jc,y)  is  illustrated  in  Fig.  3.  The  main 
structure  is  a  truncated  pyramid.  The  coordinates  (*',}>') 
used  to  generate  the  pyramid  are  rotated  by  45°  with  respect 
to  the  edges  of  the  whisker  and  the  pyramid.  This  puts  the 
edges  of  the  pyramid  (and  the  {110}  walls)  in  the  planes 
x'  =  0  or  y'  =  0.  The  total  function  has  four  parts.  The  main 
part  is  given  by 


7 T  1 


—  ax  ln|  tanj  —  +  —  arctan]  exp 
which  can  also  be  expressed  as 


W\  +  \y'\-h 


.  (1) 


fm(w)  =  a  1  In' 


yle2"+l+ew 

4e^Tl-ew 


(2) 


where  w=(|;c'|  +  \y'\  —  h)/ax  and  |*'|  +  |y'|  =  &  is  the 
equation  of  the  center  of  the  90°  {100}  domain  wall.  The 
function  fm(w)  is  zero  for  sufficiently  negative  argument  and 
is  asymptotic  to  w+ln2  for  sufficiently  positive  argument. 
The  crossover  occurs  for  w  =  0  where  \x'\  +  \y'\~h.  The 
parameter  ax  makes  the  truncation  smooth  and  determines 
the  width  of  the  {100}  domain  walls. 

The  main  function  would  produce  infinitely  sharp  {100} 
domain  walls  corresponding  to  the  edges  of  the  truncated 
pyramid.  The  domain  wall  widths  are  made  finite  by  round¬ 
ing  the  edges  of  the  pyramid  using  the  functions  fx>(x\y') 
and  /^(*\y0  =/*'(/>*')>  where 


fx'(xf >y')-a2  sin( arctan  e^y’\  A)/fll) 


X 


In  2  cosh 


«2 


(3) 


The  sin  (arctan  u)  function  appears  in  the  theory  of  90° 
{100}  walls.  It  is  also  the  derivative  of  the  principal  term  in 
the  function  for  the  truncated  pyramid.  It  is  replaced  by  using 
the  relation  sin(arctan  u)=  u/\ju2+ 1  . 

The  term  in  brackets  {  }  in  Eq.  (3)  produces  sharp  edges 
that  cancel  the  sharp  edges  of  the  pyramid.  The  parameter  a2 
determines  the  width  of  the  {110}  domain  walls.  The  function 
sin(arctan  u)  turns  off  the  rounding  functions  for  \y '  |  <h  and 
\x'\<h. 

Finally,  one  adds  a  function  that  flattens  the  potential  in 
the  comers  so  that  the  in-plane  components  of  the  magneti¬ 
zation  will  vanish  there  as  they  do  in  the  central  region: 


fc(x'*yt)  =  a2  In 


cosh[(xf  -  ^[2d)/a2]cosh[(xf  +  yj2d)fa2]cosh[(y’  -  ^/2d)/a2]cosh(y'  +  \j2d)/a2 

cosh4(2\l2d/a2) 


(4) 
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The  vector  potential  A  has  only  a  z  component  given  by 
AZ  =  ~J, =  t fm(x'y)+fAxty)+fy*(x'*y9 ) 

+/*(*'.?')].  (5) 

where  xf  =  (x+y)l  yjl  and  y ’  =  (-x+y)fyl29  with  the 
boundaries  of  the  whisker  cross  section  at  x=±d  and 
y=±d. 

It  should  be  noted  that  ax  and  a2  will  be  the  wall  widths 
as  normally  determined  in  one-dimensional  domain  theory. 
There  are  no  extra  parameters  to  describe  the  four  comers  of 
the  whisker  cross  section.  There  are  no  extra  parameters  to 
describe  the  details  of  the  intersection  of  the  {100}  walls  with 
the  {110}  walls.  The  model  is  highly  constrained,  with  only 
the  area  of  the  inner  domain  h2  as  a  parameter  to  change 
with  application  of  applied  fields  or  changes  in  the  current 
along  the  whisker.  We  show  elsewhere  that  the  energy  has 
terms  in  hA ,  h3,  h2,  h,  and  h  In  h  coming  from  the  demag¬ 
netizing  field,  the  field  from  the  current,  the  applied  field,  the 
wall  energy,  and  the  magnetoelastic  energy,  respectively.  All 
are  important  in  one  range  or  another  as  the  applied  field  and 
the  current  are  varied. 

The  magnetization  is  given  by 


Mx=-{^2Mx,-^2My,), 


My=-(j2Mx,  +  yl2My,), 

where  the  components  in  the  rotated  coordinate  system  are 
given  by 

yjl. Mx,  =  (Mi  +  Mlx,  +  M3xr) sgn  y ' - Mcx # 

(7) 

yj2Myt=  -(Ml+M2y'  +  M3y')sgn  x9  +Mcyr , 
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ax  1)3/2 


X  In  2  cosh  ■ 
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e(\x'\ -h)!ax 


tanh  — - 1 

l  a2 


M rY,  =  tanh  : 


FIG.  4.  Analytic  expressions  Eqs.  (6)— (11)  are  used  to  plot  Mz  for  the  same 
parameters  as  Fig.  3. 

Equations  for  the  My>  functions  in  Eq.  (7)  are  not  shown. 
They  are  given  by  interchanging  and  y*  in  Eqs.  (9),  (10), 
and  (11).  These  analytic  expressions  were  used  to  draw  Fig. 

2  for  the  in-plane  components  and  Fig.  4  for  Mz .  In  order  to 
demonstrate  the  geometry  it  was  necessary  to  greatly  exag¬ 
gerate  the  ratios  of  axld  and  a2ld  taken  here  to  be  1/20  and 
1/30,  respectively,  whereas  for  a  typical  whisker  they  should 
be  two  orders  of  magnitude  smaller. 

This  is  a  fully  analytic  expression.  It  has  just  one  vari¬ 
able  h,  as  long  as  d>ax  and  d>a2 ,  so  that  a x  and  a2  are  not 
affected  by  the  energy  of  the  comers  at  each  end  of  the  {110} 
domain  walls.  Such  a  simple  function  is  not  a  solution  of  the 
full  micromagnetic  equations.  For  example,  the  function  cho¬ 
sen  for  the  {110}  walls  is  not  the  solution  for  the  one¬ 
dimensional  wall.  The  analytic  expression  is  the  first  step  in 
developing  a  Ritz  method  for  calculating  the  energy  of  this 
complex  structure.  It  incorporates  the  constraint  that  div  M 
=  0,  which  is  an  approximation  that  takes  into  account  the 
dominance  of  magnetostatic  energies  as  long  as  d>ax  and 
d>a2.  (In  relaxation  calculations  it  would  be  necessary  to 
consider  all  the  dipole-dipole  interactions  in  order  to  recover 
the  effects  that  are  legislated  by  the  functions  used  here.) 

For  each  choice  of  h  one  can  calculate  each  of  the  terms 
in  the  micromagnetic  energy.  The  total  energy  can  be  com¬ 
pared  with  models  where  the  energy  is  assumed  to  be  the 
energy  per  unit  length  of  the  walls  times  the  lengths  of  the 
wall  sections.  It  was  found  that  the  effects  of  the  intersec¬ 
tions  can  be  safely  ignored.  As  mentioned  above,  there  was  a 
strange  effect  that  was  unaccounted  for  when  this  calculation 
was  carried  out,  but  which  later  was  found  to  be  the  result  of 
magnetostriction.  The  approach  given  here  may  be  useful  in 
describing  the  entire  three-dimensional  structure  shown  in 
Fig.  1,  but  this  has  not  been  done. 

1  J.-G.  Lee  and  A.  S.  Arrott,  J.  Appl.  Phys.  75,  7006  (1994). 

2J.-G.  Lee,  Ph.D.  thesis,  Simon  Fraser  University,  1994. 

3  A.  S.  Arrott,  these  proceedings. 
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Dynamical  micromagnetics  of  a  ferromagnetic  particle:  Numerical  studies 
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We  have  developed  a  general  purpose  dynamical  micromagnetic  code  to  solve  the  damped  Gilbert 
equation  using  the  finite  element  method.  We  report  a  study  of  magnetization  switching  in  a 
ferromagnetic  prolate  ellipsoid  with  aspect  ratio  of  4.6:1.  Switching  starts  with  curling  at  the  middle 
of  the  particle,  then  continues  with  more  complex  magnetization  configurations,  heavily  influenced 
by  the  damping  constant.  In  general,  lighter  damping  produces  more  sharply  defined  domain  walls. 

The  critical  field  for  switching  has  a  mild  dependence  on  the  damping  constant.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)20508-3] 


We  solve  Gilbert’s  equation1  for  a  continuous  magnetic 
medium,  including  all  interactions  in  standard  micromag¬ 
netic  theory  in  three-dimensional  regions  of  arbitrary  geo¬ 
metrical  and  physical  properties.  We  handle  submicrosecond 
to  nanosecond  processes.  In  this  paper  we  use  the  code  to 
study  magnetization  switching  in  an  ellipsoidal  particle.  We 
concentrate  on  dynamical  aspects  of  the  processes:  Larmor 
precession  and  Gilbert  damping. 


I.  NUMERICAL  MODEL 


We  start  with  Gilbert’s  equation,1  written  here  as 

1  dM  dM 

-  —  =  MxHeff-  yM x— ,  (1) 

y  dt  ett  '  Bt  w 


where  M  is  the  magnetization  density  with  constant  magni¬ 
tude  Ms  and  y  is  a  positive  constant  associated  with  dissipa¬ 
tion.  The  effective  field  Heff=  —  SEi  SM  is  defined  as  the 
variational  derivative  of  the  free  energy,2 


2  Mi 


|  V  *M|2 


dV. 


The  first  term  is  the  exchange  energy.  H0  is  the  applied  mag¬ 
netic  field  and  is  the  demagnetizing  field.  For  simplicity 
we  omit  crystalline  anisotropy  energy;  its  inclusion  does  not 
lead  to  any  complications.  Appropriate  boundary  conditions 
are  imposed.  At  constant  H0  and  in  the  absence  of  random 
thermal  noise,  E  decreases  until  an  equilibrium  is  reached.2 

Gilbert’s  equation  (1)  is  discretized  by  the  Galerkin 
method,  using  the  piecewise  linear  basis  functions  associated 
with  a  tetrahedral  mesh  as  test  functions.  Let  cpf  r)  be  the 
basis  function  at  node  i  that  is  linear  in  each  element  and 
such  that  <Pi(Tj)=8ij.  The  magnetization  can  be  approxi¬ 
mately  represented  as  M(r)=2/Miyf(r)  and,  similarly,  the 
potential  for  the  demagnetizing  field  (Hd=  —V <f>)  can  be 
approximated  by  <f>(r)='2i(f>i<pi(r).  This  is  the  same  represen¬ 
tation  of  M(r)  as  was  used  by  Chen,  Fredkin,  and  Koehler3 
for  static  micromagnetic  calculations  using  the  finite  element 
method.  The  dynamical  equation  is  then  discretized  with  the 
Galerkin  method  with  cpt  as  test  functions, 


where  i  runs  from  1  to  the  number  of  nodes,  N.  All  the 
dependence  on  geometry  is  included  in  integrals  of  products 


of  <pi( r),  and  these  are  computed  analytically.  The  boundary 
conditions  are  brought  in  by  a  partial  integration  of  the  ex¬ 
change  term.  This  leads  to  a  system  of  coupled  ordinary 
differential  equations  that  are  solved  with  a  custom  variant  of 
LSODI.4 

Demagnetization  fields  are  computed  on  the  fly  by  the 
solution  of  Poisson’s  equation  with  absorbing  boundary 
conditions5  using  a  finite  element  method  and  a  precondi¬ 
tioned  conjugate  gradient  method.  Because  of  space  limita¬ 
tions,  details  will  be  given  elsewhere.  We  mention  here  that, 
for  an  N  point  mesh,  our  method  has  time  complexity  0(N- 
log  N)  and  storage  cost  O(N).  Our  use  of  the  finite  element 
method  with  a  tetrahedral  mesh  gives  us  the  flexibility  to 
handle  any  finite  magnetic  region  of  arbitrary  shape,  mor¬ 
phology,  and  connectivity,  with  possibly  inhomogeneous 
physical  properties. 


II.  RESULTS 

The  first  application  of  our  code  is  a  study  of  switching 
of  an  ellipsoid  modeled  after  a  y-Fe203  particle  used  in  an 
experimental  study.6  It  is  a  prolate  ellipsoid  3000  A  long  and 
650  A  wide,  with  Ms  =  350  emu/cm3.  The  exchange  constant 
A  is  unknown  experimentally,  and  an  approximate  value  is 
used  such  that  the  exchange  length  AmlMs~ 338  A.  The 
field  direction  nH  is  along  the  long  axis  of  the  ellipsoid,  z, 
tilted  0.1°  to  a  short  axis,  x,  to  break  the  initial  symmetry 
around  z.  The  initial  state  is  prepared  by  applying  a  large 
(6 Ms)  external  field  along  ~hH  until  saturation  is  reached. 
Then  the  field  is  reversed  and  kept  at  a  constant  value  H0 
along  nH .  To  avoid  excessive  transients,  the  reversal  of  H0  is 
completed  in  time  r  with  a  cosine  function  for  the  transition. 
The  field  switching  time,  r,  is  relatively  short  at  this  stage  of 
the  study  (up  to  10 lyMs),  so  switching  of  the  magnetization 
occurs  mostly  after  the  field  is  reversed. 

Little  is  known  about  the  value  of  y  and  its  effect.7  To 
investigate  both  over-damped  and  lightly- damped  systems, 
we  have  set  y  to  values  ranging  from  3.0 lyMs  to  0.01/ yMs . 
Different  values  of  H0  are  used,  and  for  each  y  we  found  one 
field  value  Hc  below  which  the  particle  is  not  switched.  Fig¬ 
ure  1  is  a  linear-log  plot  of  the  component  of  total  magneti¬ 
zation,  along  as  a  function  of  time  at  various  values 
of  H0  and  y.  On  most  of  the  curves  three  segments  are  found 
with  distinctive  slopes,  which  suggests  that  we  divide  the 
dynamics  of  switching  into  three  stages,  each  found  to  be 
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FIG.  1.  Component  of  total  magnetization  along  the  applied  field  versus 
time  in  units  of  1  /yM, .  Mn=J&JV,  V  is  the  volume  of  the  particle.  Note 
that  one  has  been  added  to  permit  a  logarithmic  axis,  (a)  7=3 /yM, , 
H0~3A93MS .  (b)  7=0.3/ yM, ,  H0=3A93MS.  (c)  7=0.1/ yM,, 

tf0=3.493M, .  (bl)  7=0.3/ yM, ,  Ho=3J00Ms . 

characterized  by  one  physical  process:  (A)  precursor, 
(B)  curling,  and  (C)  switching  and  damping. 

The  precursor  stage  is  characterized  by  small  move¬ 
ments  of  M,  and  almost  stationary  nH  component  of  total 
magnetization  yM.  Motion  of  yM  can  best  be  illustrated  by 
tracing  the  projection  of  yM  on  the  xy  plane.  We  found  that 
when  7]  is  small,  yM  initially  precesses  around  what  looks 
like  a  local  minimum  of  the  energy,  designated  by  yMs , 
while  moving  toward  it.  The  direction  of  ^Ms  is  very  close  to 
-A# .  When  Hq  is  lower  than  a  critical  value,  Hc ,  yM  even¬ 
tually  settles  at  yMs ,  and  the  particle  is  not  switched  [Fig. 
2(a)].  When  H0>HC ,  after  some  revolutions,  ^M  is  able  to 
escape  from  the  trap  and  exits  to  the  curling  stage  [Fig.  2(b)], 
which,  without  observed  exception,  leads  to  switching.  We 
found  that  the  exit  point  is  closer  to  yMs  when  H0  is  closer  to 


FIG.  2.  Small  movements  of  total  magnetization.  and  yMy  in  units  of 
MSV.  The  vector  enters  from  left  when  the  field  is  being  switched,  (a) 
7=0.03/ yMs ,  //0  =  3.469M, .  (b)  7=0.03/ yM, ,  tf0=3.475M, .  The  vec¬ 
tor  exits  to  the  top,  starting  a  curling  process,  (c)  7=  0.3/ yM,, 
Hq~3A15Ms  .  (d)  7=0.3/ yM, ,  tf0=3.486M, .  Note  the  change  in  scale. 
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3.45U^ . . —ft . . - 

FIG.  3.  Critical  switching  field  as  a  function  of  damping  constant,  HJMS  vs 
yM,7. 


Hc 

3.47 


Hc .  At  higher  7,  the  path  to  yMs  is  shorter,  as  energy  is 
quickly  dissipated.  At  some  field  values  causing  switching,  if 
rj  is  increased  the  particle  can  no  longer  exit  from  the  trap 
[Fig.  2(c)]. 

We  need  a  criterion  to  mark  a  system  as  being  in  equi¬ 
librium  so  that  we  can  decide  if  a  value  of  H0  eventually 
causes  a  reversal.  We  have  chosen  the  total  free  energy,  since 
it  is  consistently  decreasing  until  equilibrium  is  reached. 
However,  when  the  system  is  close  to  equilibrium,  energy 
changes  become  small  and  are  subject  to  numerical  errors, 
which  we  believe  are  responsible  for  some  switching  when 
H0  is  very  close  to  Hc  [Fig.  2(d)].  This  may  correspond  to 
thermal  noise  in  a  real  particle,  but  the  exact  relation  be¬ 
tween  the  two,  and  the  possibility  of  using  this  relation  to 


FIG.  4.  Magnetization  at  switching,  viewed  from  +x.  H0  is  pointing  up.  (a) 
curling  pattern  before  switching.  This  is  found  for  all  values  of  H0  and  7  for 
which  switching  occurs,  (b)  H0—3A93MS ,  7=3/yM, .  During  switching  a 
vortex  with  an  axis  on  the  xz  plane  is  formed  in  the  middle  of  the  ellipsoid; 
it  travels  transversely  along  +y.  A  smaller  vortex  forms  closer  to  the  top  and 
travels  along  -y.  When  both  vortices  exit,  magnetization  of  the  whole  par¬ 
ticle  is  reversed,  (c)  H0~3A92MS ,  7=  0.3/ yM, .  The  middle  part  switches 
first,  followed  by  the  two  ends. 
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simulate  thermal  noise,  remains  to  be  investigated.  For  the 
present  we  compute  a  moving  average  of  the  free  energy  and 
consider  the  system  to  be  in  equilibrium  when  that  average 
stops  decreasing  for  a  fixed  period  of  time.  We  estimate  the 
error  of  Hc  caused  by  this  choice  of  criterion  to  be  less  than 
0.01  Ms.  Figure  3  shows  Hc  found  as  a  function  of  77.  We 
conclude  that  over-damping  slightly  increases  the  switching 
field.  And  that  damping  has  no  observable  effect  on  the  criti¬ 
cal  switching  field  when  77  is  lower  than  one-tenth  of  1  fyMs . 

The  curling  stage  starts  with  an  exponential  increase  of 
the  component  of  the  total  magnetization  along  the 
applied  field.  The  magnetization  moves  to  a  configuration 
that  mostly  resembles  curling,  with  Mz  gradually  increasing, 
but  stops  before  it  switches.  This  curling  process  starts  from 
center  of  the  ellipsoid  and  expands  to  the  whole  middle  part 
[Fig.  4(a)].  Curling  stops  at  this  configuration,  and  other 
more  complicated  processes  take  over.  Parts  of  the  ellipsoid, 
usually  close  to  the  center,  switch  first.  This  results  in  the 
appearance  of  domain  walls  and  the  subsequent  events  vary 
with  the  values  of  H0  and  77.  The  behavior  can  be  best  de¬ 
scribed  as  a  continuous  spectrum  between  two  extreme 
cases.  In  a  highly  damped  system  ( yM s  77  >  1 ) ,  when  H0  is 
only  slightly  higher  than  the  critical  switching  field,  vortices 
with  axes  close  to  x  are  formed  [Fig.  4(b)].  This  is  similar  to 


a  configuration  found  in  a  static  calculation.8  When  the 
damping  is  light  (yM srj<\),  or  H0  is  much  higher  than 
critical  value,  the  whole  middle  part  suddenly  switches,  and 
produces  two  sharp  domain  walls  parallel  to  the  xy  plane 
[Fig.  4(c)],  which  eventually  leave  the  particle  through  the 
surface.  Generally  speaking,  the  switching  patterns  at  lower 
77  are  configurations  with  higher  exchange  energy,  character¬ 
ized  by  abrupt  changes  of  magnetization  in  space. 

In  conclusion,  we  remark  that,  since  the  computational 
cost,  both  in  time  and  in  memory,  of  our  method  scales  al¬ 
most  linearly  with  geometric  size,  it  is  quite  feasible  to  treat 
larger  systems  than  the  one  discussed  here. 
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Anomalous  time-induced  curvature  in  Henkel  plots  based 
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We  have  used  a  finite-temperature  version  of  the  Preisach  model,  in  which  thermally  activated 
switching  events  supplement  those  induced  by  an  applied  field  ha ,  to  calculate  the  magnetizing  and 
demagnetizing  remanences,  ir(ha )  and  id{~ha),  respectively,  assuming  a  Preisach  distribution  that 
is  Gaussian  in  both  the  coercive  field  hc  and  the  shift  field  hs.  Since  7V 0,  the  time  t  that  the 
magnetization  is  permitted  to  relax  influences  the  shape  of  the  hysteresis  loop  and  the  Henkel  plots 
constructed  from  the  remanences.  If  the  effective  time  for  relaxation  is  specific  to  a  given  branch  of 
the  cycle,  due  perhaps  to  the  way  the  system  reacts  to  a  given  experimental  procedure,  it  is  possible 
to  generate  Henkel  plots  with  curvature  suggestive  of  mean  field  interaction  effects,  even  if  no  such 
effects  are  actually  present,  or  with  such  extreme  demagnetizing-like  curvature  that  the  plot  actually 
crosses  the  nominal  lower  boundary  id~  —  ir .  Experimental  instances  of  this  behavior  are  discussed. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)20608-X] 


i.  INTRODUCTION 

The  Henkel  plot1  was  originally  proposed  as  an  experi¬ 
mental  technique  for  analyzing  a  magnetic  system  for  the 
presence  of  interparticle  interaction  effects.  If  the  magnetiz¬ 
ing  remanence,  ir(ha)  of  a  system  of  single-domain  particles 
is  measured  by  applying  and  then  removing  positive  fields  ha 
to  the  unmagnetized  state  until  the  remanence  is  saturated  at 
i»— ir(Aa-+oo),  and  then  the  demagnetizing  remanence 
id{-ha)  is  measured  by  applying  and  removing  negative 
fields  —ha  to  the  saturated  remanence  state  until  negative 
saturation  — /,»  is  reached,  then,  according  to  Wohlfarth,2 
noninteracting  systems  will  be  characterized  by  the  linear 
relation  id{-ha)  —  i^  —  2ir{  +  ha).  Thus,  a  Henkel  plot  of 
idlioo  vs  ir/i0 o  with  ha  as  the  matching  variable,  which  curves 
above  or  below  the  Wohlfarth  straight  line  id/ix=  1  —  2ir/i00 , 
may  be  interpreted  as  evidence  of  either  magnetizing-like  or 
demagnetizing-like  interactions,  respectively,  between  the 
particles.  This  technique  is  now  widely  used,  even  in  con¬ 
tinuous  systems,3  which  are  only  figuratively  particulate  by 
virtue  of  their  domain  wall  motions,4  and  its  interpretation 
has  been  formalized5-7  through  numerical  calculations  based 
on  the  Preisach  model8  of  hysteresis.  This  model  treats  mac¬ 
roscopic  hysteresis  phenomena  as  a  superposition  of  elemen¬ 
tary  rectangular  hysteresis  loops  with  individual  coercive 
fields  (or  half- widths)  hc ,  with  centers  offset  from  the  origin 
ha- 0  by  a  shift  field  hs  due  to  interactions  between  loops, 
and  with  two  possible  outputs,  ±1.  The  fields  hc  and  hs  are 
generally  assumed  to  be  distributed  independently  according 
to  the  Preisach  distribution,  p(hc  ,hs)=f(hc)g(hs),  and 
symmetry  arguments9  require  that  g(hs)  be  symmetric  about 
hs= 0.  In  the  moving  Preisach  model,10  hs-+hs  +  km ,  where 
m  is  the  magnetization  and  k  is  the  mean  field  constant,  in 
order  to  account,  in  an  average  sense,  for  the  effect  on  the 


a)Permanent  address:  Department  of  Physics,  University  of  Manitoba,  Win¬ 
nipeg,  Manitoba,  R3T  2N2,  Canada. 


interaction  field  distribution  of  magnetizing  the  system.  Nu¬ 
merical  calculations  have  shown  that,  for  ac  and  dc  demag¬ 
netized  systems,5,6  curvature  in  a  Henkel  plot  is  produced  by 
both  mean  field  effects  (k#0)  and  by  “disorder,”  that  is,  by 
a  nonzero  width  to  the  shift  field  distribution  g(hs).  Only  in 
the  case  of  thermal  demagnetization7  is  curvature  produced 
only  by  a  nonzero  mean  field  parameter  k.  Furthermore,  as 
long  as  T=  0,  all  Henkel  plots  must  lie  above  a  lower  bound¬ 
ary  i/  -ha)=  ~  ir(  +  ha),  independent  of  the  details  of  their 
initial  demagnetized  state. 

In  this  paper,  we  will  use  a  generalized,  finite- 
temperature  version  of  the  Preisach  model11,12  to  show  that 
the  time  that  the  system  is  permitted  to  relax  may  have  a 
profound  influence  on  the  shapes  of  Henkel  plots,  and  that 
varying  this  relaxation  time  from  one  branch  to  another  of  a 
given  hysteresis  cycle  can  produce  spurious  mean  field-like 
curvature  or  even  violations  of  the  nominal  lower  boundary 
id=-  ir,  as  observed  in  some  canonical  spin  glasses. 

II.  MODEL  CALCULATIONS 

Figure  1(a)  shows  the  effect  of  applying  a  positive  field 
ha  to  an  initially  unmagnetized  Preisach  plane  at  T=  0.  For 
purposes  of  reference  we  have  included  both  the  (hc,hs) 
axes  and  the  alternate  (a,0)  axes,  where  a=hc  +  hs  and 
/3=hc-hs  are  the  up  and  down  switching  fields,  respec¬ 
tively,  for  an  elementary  loop.  The  signs  indicate  the  current 
state  of  each  loop.  All  the  loops  with  ot>ha  and  fi<ha  are 
double  well  potentials  like  that  illustrated  in  Fig.  1(a),  while 
the  rest  of  the  loops  outside  this  region  are  single  well  po¬ 
tentials.  The  symbol  ±  in  the  fourth  quadrant  means  that  one 
or  both  of  the  wells  may  have  been  occupied  in  the  initial 
unmagnetized  state,  depending  on  the  specific  demagnetiza¬ 
tion  technique;  ac  demagnetization  leaves  only  the  -(+) 
well  occupied  above  (below)  the  hc  axis,  while  for  a  ther¬ 
mally  demagnetized  system,7  the  +  and  —  wells  are  both 
occupied  with  equal  probability,  p{hc,hs)l2. 
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FIG.  1 .  (a)  The  effect  of  applying  a  positive  field  ha  to  an  initially  unmag¬ 
netized  Preisach  plane  at  T~0.  The  double  well  representation  of  one  of  the 
elementary  loops  is  shown  on  the  right,  (b)  The  same  plane  at  a  finite 
temperature  T^O.  FL  is  the  frontier  line  and  h*  is  the  thermal  field. 


If  the  temperature  T  is  not  zero,  we  must  take  account  of 
the  effect  of  thermal  overbarrier  activation  on  the  state  of 
each  loop.11  More  specifically,  if  an  elementary  loop  is 
“trapped”  in  the  higher-energy  state  of  the  double  well  po¬ 
tential  in  Fig.  1(a),  this  is  regarded  as  an  unstable  configura¬ 
tion,  and  it  is  assumed  that  a  transition  will  eventually  occur 
over  the  smaller  of  the  two  barriers,  which  “switches”  the 
loop  to  its  lower-energy  (or  ground)  state.  Since  the  time  r 


for  a  thermally  activated  transition  over  an  energy  barrier  W 
is 

T=T0exp(W*Br),  (1) 

where  Tq 1  is  a  microscopic  attempt  frequency,  then  we  ex¬ 
pect  that  in  a  finite  observation  time  t,  all  of  the  smaller 
barriers  W=hc±hs  +  ha<W*=k^T  ln(/Y  r0)  will  have  been 
overcome.  This  defines  a  frontier  line, 


he=W*±hs+ha9  (2) 

with  its  vertex  on  hs=ha,  as  shown  in  Fig.  1(b),  which  sepa¬ 
rates  those  regions  “behind”  the  line  that  have  reached  equi¬ 
librium  within  the  observation  time  f,  from  those  “in  front” 
of  the  line  that  have  not.  From  a  technical  perspective  the 
effect  of  the  critical  barrier  height  W*  on  the  Preisach  plane 
is  equivalent  to  an  effective  thermal  field  h*  —  VF*  (since  the 
loop  moment  is  unity),  which  can  act  simultaneously  along 
the  a  and  /?  axes  via  two  coupled  flipping  lines,  to  supple¬ 
ment  the  switching  events  induced  by  the  applied  field  ha . 

Numerical  calculations12  of  the  remanences  ir(ha )  and 
id(~ha),  which  assume  that  the  Preisach  distribution  is  a 
product  of  two  Gaussians: 


p(hc,hs)  = 


1 

2  7T(TC(JS 


( K-hc)r 
2  o>  . 


( hs  +  km )2 

~2sr\' 


(3) 

and  that  all  branches  of  a  given  hysteresis  cycle  have  a  com¬ 
mon  thermal  field  parameter  h*  corresponding,  for  example, 
to  a  fixed  temperature  T  and  a  single  time  constant  t,  have 
shown  that  the  Henkel  plots  for  a  thermally  demagnetized 
system  with  no  mean  field  interactions  (&  =  0)  are  Wohlfarth 
straight  lines,  independent  of  h*  ,  while  those  for  an  ac  de¬ 
magnetized  system  with  k= 0  always  have  demagnetizing- 
like  curvature,  which  increases  with  increasing  h* ,  but 
never  violates  id——ir. 

If,  however,  a  common  experimental  time  constant  does 
not  imply  a  common  relaxation  rate  for  the  magnetization, 
then  the  effective  time  constant  for  relaxation  may  vary 
from  branch  to  branch  of  the  cycle,  as  will  the  effective 
thermal  field  parameter,  h*  ,  and  the  Henkel  plots  will  show 
anomalous  structure.  Field  cooled  spin  glasses  are  a  particu¬ 
larly  good  instance  of  this  temporal  “asymmetry.”  It  is  now 
widely  accepted  that,  if  a  spin  glass  is  cooled  from  above  to 
below  its  ordering  temperature  rSG  in  the  presence  of  a  field, 
it  attains  its  equilibrium  magnetization  essentially  instanta¬ 
neously,  independent  of  the  actual  measuring  time  t,  as  if  the 
effective  time  constant  for  relaxation  was  infinite.  However, 
all  subsequent  field  reversals,  such  as  those  required  to  reach 
the  remanent  state  or  the  demagnetizing  branch,  are  gov¬ 
erned  by  a  necessarily  much  shorter  time  constant,  close  to 
the  actual,  finite  experimental  one.  We  have  replicated  this 
behavior  in  the  finite  temperature  Preisach  model  by  assign¬ 
ing  a  very  large  value  >  hc  to  the  thermal  field  parameter 
along  the  virgin  magnetizing  curve,  and  another  smaller 
value  h*2  <  h*x  to  the  remanence  (in  this  case  the  thermore- 
manence  or  TRM),  the  descending  branch  of  the  major  loop, 
and  the  demagnetizing  remanence. 

Figure  2  shows  a  sequence  of  Henkel  plots  generated  for 
a  thermally  demagnetized  system  with  a  Preisach  distribution 
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k  =  0,  hT1*=  100.0 


FIG.  2.  Henkel  plots  for  a  thermally  demagnetized,  field  cooled  system  with 
Preisach  distribution  parameters  hc=  12,  <jc= 4,  0^=1,  k= 0,  for  thermal 
fields  h$x  =  100  and  h$2  =  0, 15, 20, 25, 35. 


with  parameters  hc—  12,  <rc  =  4,  0*^=1,  k  =  0,  for  thermal 
fields  h%y  =  100  and  =  0,  15,  20,  25,  35.  All  the  Henkel 
plots  show  magnetizing-like  curvature,  which  for  thermally 
demagnetized  systems  would  be  unambiguous  evidence  of 
positive  mean  field  interactions  &>0,  but  that  is  actually  an 
artificial  consequence  of  the  variation  in  time  constants  re¬ 
lated  to  the  experimental  procedure  of  field  cooling.  In  real 
spin  glasses,  the  situation  is  further  complicated  by  the  ex¬ 
istence  of  a  peak  in  the  field  dependence  of  the  TRM,  which 
is  difficult  to  accommodate  within  the  usual  Henkel  analysis. 

The  inverse  configuration  of  time  constants  yields 
anomalous  structure  of  a  different  kind  and  may  also  be 
physically  relevant  to  spin  glasses.  If  we  assume  that  the 
relaxation  time  constant  is  shorter  along  the  virgin  magnetiz¬ 
ing  curve  than  it  is  for  the  rest  of  the  cycle,  corresponding  to 
*?!<*?  2.  then,  in  the  absence  of  mean  field  effects,  Henkel 
plots  will  always  show  demagnetizing-like  curvature,  as  il¬ 
lustrated  in  Fig.  3  for  an  ac  demagnetized  system  with  Prei¬ 
sach  distribution  parameters  hc—  10,  crc  =  3,  <rs=  1,  k- 0, 
for  thermal  field  parameters  h*l  =  2.0,  2.5,  3.0,  3.5,  4.0, 4.5, 
5.0,  and  h*2  ~  5.0.  Moreover,  if  the  difference  between  the 
two  thermal  fields  (or  time  constants)  is  sufficiently  large,  the 
Henkel  plots  will  actually  cross  the  nominal  T~  0  lower 
boundary  id—  —ir,  as  observed  in  canonical  spin  glass  sys¬ 
tems  like  AgMn13  and  CuMn14  at  low  reduced  temperatures 
T/Tsg  ,  when  they  have  been  zero  field  cooled  through  their 
glass  temperature.  As  h${-~>h%2 ,  this  effect  becomes  weaker 
and  eventually  disappears,  which  is  precisely  what  happens 
experimentally  with  increasing  temperature.  If  the  theoretical 


k  =  0,  hT2*  =  5,0 


FIG.  3.  Henkel  plots  for  an  ac  demagnetized  system  with  Preisach  distribu¬ 
tion  parameters  hc=  10,  arc  =  3,  as=  1,  k- 0,  for  thermal  fields  h*{  =  2.0, 
2.5,  3.0,  3.5,  4.0,  4.5,  5.0,  and  h$2  =  5.0. 

and  experimental  behaviors  are  indeed  related,  then  it  would 
mean  that  zero  field  cooling  has  essentially  the  opposite  ef¬ 
fect  of  field  cooling,  and  “traps”  the  system  in  a  region  of  its 
complicated  configuration  space,  which  requires  relatively 
long  times  and  high  reduced  temperatures  for  “escape.” 

In  summary,  numerical  calculations  based  on  a  finite 
temperature  version  of  the  Preisach  model  show  that,  when 
7^0,  the  effective  time  in  which  the  magnetization  relaxes 
becomes  an  important  factor  in  shaping  Henkel  plots,  and 
may  lead  to  anomalous  curvature  that  imitates  mean  field 
effects,  or  that  violates  zero  temperature  boundaries. 
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Magnetization  reversal  and  small  lancettes  calculated  by  statistic  domain 
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The  energetic  model  of  ferromagnetic  hysteresis  calculates  the  magnetic  state  of  anisotropic 
ferromagnetic  materials  by  minimizing  the  total  energy  function  Et~  Eh+  The  energy  of  the 
material  EM  is  divided  into  reversible  (statistic  domain  behavior)  and  irreversible  terms.1,2  The 
applied  field  H  (energy  EH)  causes  reversible  domain  wall  displacements  s(  until  an  individual 
Barkhausen  jump  starting  position  sA  is  reached.  The  probability  density  pa{sA)  is  assumed  to  be 
decreasing  with  increasing  sA :  pa~(Ka/Kc)ex p  [  —  (KafKc)sA ]  (adaptive  constant  Ka).  Kc 
describes  the  influence  of  the  total  magnetic  state  on  pa  at  points  of  magnetization  reversal;  Kc 
—  1  for  the  initial  magnetization  curve.  The  losses  Er  during  an  irreversible  Barkhausen  jump  (wall 
friction  Kr)  are  increasing  with  st:  Er=  -  sA  —  (KcIKa)(Kc  —  1)]  and  Kc  depends  on  the 
covered  displacements  s}  at  a  point  of  field  reversal:  ^T"ew=  2  — '  A^oldexp[ - (Ka JK%ld) 5/] .  This 
follows  from  the  condition  of  steadiness  at  these  points.  The  physical  constants  of  this  model  are 
derived  from  anisotropic  energy  contributions,  initial  susceptibility,  coercivity,  and  saturation 
magnetization.  The  approach  shows  a  good  agreement  to  measurements  to  the  stability  of  small 
lancettes  of  (1 10)[001]  3.5%  FeSi  steel  sheets,  magnetized  in  the  rolling  direction.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)82508-9] 
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Surface  anisotropy  of  a  fine  ^Fe203  particle 
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We  investigate  the  effects  of  surface  anisotropy  of  a  single-domain  y-Fe203  fine  particle  (length 
3000  A,  aspect  ratio  4.6:1)  using  micromagnetics  and  the  finite  element  method.  We  add  surface 
anisotropy  energy,  axially  symmetric  about  the  surface  normal,  to  the  total  magnetic  energy  of  the 
particle.  We  show  that  surface  anisotropy  of  the  appropriate  sign  enhances  the  coercivity.  Further, 
the  surface  magnetization  tends  to  be  tangential  to  the  surface  and  the  magnetization  reversal  starts 
from  the  surface.  Our  simulation  suggests  that  surface  anisotropy  might  be  an  important  mechanism 
for  the  coercivity  enhancement  in  the  surface-modified  iron  oxides.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)20708-6] 


I.  INTRODUCTION 

Surface  effects  of  fine  particles  in  high  density  magnetic 
recording  media  become  very  pronounced  because  of  the 
large  surface-to-volume  ratio.  Experiments  have  shown  that 
modification  of  fine  y-Fe203  particles  with  Co1,2  or  sodium 
polyphosphate3,4  can  enhance  the  coercivity.  A  variety  of 
possible  mechanisms  for  and  numerical  simulations  of  the 
enhancement  of  coercivity  have  been  discussed.  For  ex¬ 
ample,  the  particle  volume  can  be  divided  into  a  low  crystal¬ 
line  anisotropy  core  region  and  a  high  crystalline  anisotropy 
shell  region.5"7  In  another  approach,  a  mechanism  for  sur¬ 
face  anisotropy  is  suggested8  and  a  quantum  theory  of  the 
surface  anisotropy  of  ferrimagnetic  y-Fe203  has  been 
developed.9  Dimitrov  and  Wysin10  have  numerically  investi¬ 
gated  the  effects  of  surface  anisotropy  on  hysteresis  in  a 
simplified  case  where  the  magnetic  particles  are  spins  on 
two-  and  three-dimensional  finite  lattices;  each  element  in 
the  system  represents  a  single  magnetic  ion  rather  than  a 
finite  volume  as  in  micromagnetics.  In  their  simulation,  mag¬ 
netic  dipole  interactions  are  neglected. 

In  this  paper  we  describe  our  micromagnetic  study  of  the 
effects  of  surface  anisotropy  of  a  fine  single-domain  y-Fe203 
particle. 

II.  MICROMAGNETIC  MODEL 

We  formulate  the  problem  in  terms  of  micromagnetics.11 
To  investigate  the  effects  of  surface  anisotropy,  we  add  sur¬ 
face  anisotropy  energy  to  the  total  magnetic  energy, 

^"total”  ^ex~^  E demag ^"surface  > 

where  £ex  is  the  exchange  energy,  £demag  is  the  magnetostatic 
interaction  energy,  Emis  is  the  crystalline  anisotropy  energy 
in  the  bulk  of  the  particle,  and  £Zeem  is  the  Zeeman  energy 
describing  the  interaction  of  the  magnetization  in  the  particle 
and  an  applied  field.  The  surface  anisotropy  energy  is 

£surface=£.;  f  [M(r)  -fl]2  dS  =  Ksf  COS20  dS,  (2) 

where  M(r)  is  the  magnetization  vector,  n  is  the  unit  vector 
normal  to  the  surface,  0  is  the  angle  between  M  and  n,  and 
the  surface  anisotropy  constant  is  Ks  =  Kfs  |M|2.  The  integra¬ 
tion  is  carried  out  over  the  surface  of  the  particle. 

We  use  the  finite  element  method  (FEM)  to  discretize  the 
continuous  magnetization  field.12’13  The  magnetic  region  is 


decomposed  into  tetrahedral  elements  and  the  magnetization 
within  an  element  is  interpolated  linearly  from  its  values  at 
the  nodes  of  the  mesh.  The  magnitude  of  the  magnetization 
is  fixed,  |M(r)|=M5,  where  Ms  is  the  saturation  magnetiza¬ 
tion.  Finally,  the  total  magnetic  energy  is  expressed  as  a  qua¬ 
dratic  polynomial  of  the  magnetization  vectors  on  the  nodal 
points  of  the  FEM  mesh, 

E total = 2  5M,  •  Ky  •  M,-  2  ZfM,  •  Hext .  (3) 

ij  i 

The  K  matrix  contains  all  information  about  the  long  range 
magnetostatic  interaction,  the  anisotropy  energy  (including 
surface  and  crystalline  anisotropies),  and  the  exchange  en¬ 
ergy.  Z{  gives  the  weights  of  external  field  on  the  nodes. 

We  use  the  Landau-Lifshitz  equation  without  the  pro¬ 
cession  term  to  monotonically  reduce  the  system  energy  to  a 
local  minimum,  corresponding  to  a  metastable  magnetization 
configuration. 


III.  RESULTS 

We  investigate  a  fine  single-domain  ellipsoidal  y-Fe203 
particle  with  a  long  axis  of  3000  A  and  a  short  axis  of  650  A. 
The  saturation  magnetization  M5  =  350  emu/cm3;  the  crystal¬ 
line  anisotropy  constant  Kx  =  —  4.6X  104  ergs/cm3.14  The 
crystalline  anisotropy  constant  is  negligible  compared  to  the 
shape  anisotropy  energy  of  an  ellipsoid  with  an  aspect  ratio 
of  4.6:1  which  is  0.8l7rM2  =  3.2X  105  ergs/cm3.15  Therefore 
we  neglect  crystalline  anisotropy,  ^  =  0.  The  value  of  the 
exchange  constant  is  known  only  approximately;  we  use 
A  =  5. OX  10-7  ergs/cm  in  our  calculation. 

We  calculate  the  hysteresis  loops  (Fig.  1)  with  different 
surface  anisotropy  constants.  Surface  anisotropies  on  the  or¬ 
der  of  1  erg/cm2  have  been  reported  for  iron.16,17  We  choose 
Ks  within  the  range  of  0-50  ergs/cm2. 

Figure  1  shows  the  increase  of  coercivity  due  to  the  sur¬ 
face  anisotropy.  The  relationship  of  these  two  quantities  is 
summarized  in  Fig.  2.  For  Ks^ 20  ergs/cm2,  the  coercivity  is 
about  double  of  the  value  when  Ks=  0. 

The  computed  magnetization  configuration  just  before 
the  switching  indicates  that  magnetization  reversal  starts 
from  the  surface  where  the  magnetization  vectors  form  a 
wavelike  pattern  [Fig.  3(b)],  while  in  the  bulk  magnetization 
is  almost  pointing  in  the  same  direction  [Fig.  3(a)].  Surface 


5762  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)/5762/2/$1 0.00 


©  1996  American  Institute  of  Physics 


H  (Oe) 


FIG.  1.  Hysteresis  loops  of  an  ellipsoidal  y-Fe203  particle  (aspect  ratio 
4.6:1)  with  various  surface  anisotropy  constants  Ks .  The  magnetization  is 
along  the  long  axis  of  the  particle.  The  angle  between  the  external  field  and 
the  long  axis  is  1°.  (A)  Ks= 0;  (B)  ^=3.98  ergs/cm2;  (C)  K5— 7.96 
ergs/cm2;  (D)  Ks-  19.91  ergs/cm2;  (E)  =  39.81  ergs/cm2. 


(a) 


(b) 


T 


magnetization  tends  to  be  tangential  to  the  surface,  which 
requires  a  larger  applied  field  during  the  switching,  hence  the 
enhancement  of  coercivity. 

We  have  also  investigated  the  effects  of  Ks<0.  Negative 
Ks  is  found  experimentally  to  be  much  smaller  than  the  posi¬ 
tive  Ks  for  iron.16  Our  simulation  shows  that  negative  surface 
anisotropy  does  not  effectively  enhance  the  coercivity  and  in 
many  cases  decreases  it.  However,  Ks< 0  makes  the  surface 
magnetization  perpendicular  to  the  surface  and  aids  forma¬ 
tion  of  nucleation  centers  on  the  surface. 

IV.  CONCLUSION 

We  added  a  surface  anisotropy  energy  term  to  the  total 
magnetic  energy  in  the  micromagnetic  model  in  order  to  un¬ 
derstand  the  effects  of  the  surface  anisotropy  in  a  fine 
surface-modified  y-Fe203  particle.  Our  simulation  shows 


FIG.  2.  Coercivity  vs  surface  anisotropy  constant.  The  values  of  the  coer¬ 
civity  are  obtained  from  the  computed  hysteresis  loops. 


FIG.  3.  Magnetization  configurations  on  different  cross  sections  just  before 
switching.  The  surface  anisotropy  Ks=  19.91  ergs/cm2  and  the  applied  mag¬ 
netic  field  //ext=1869  Oe.  The  arrows  represent  the  magnetization  vector 
M — sections  (a)  through  the  center,  and  (b)  closer  to  the  surface  of  the 
particle. 

that  with  positive  surface  anisotropy  (Ks> 0),  magnetization 
reversal  starts  from  the  surface.  Coercivity  is  doubled  when 
Ks^20  ergs/cm2  for  an  ellipsoidal  particle  with  a  3000- A- 
long  axis.  This  suggests  that  surface  anisotropy  might  be  an 
important  mechanism  for  the  coercivity  enhancement  in  fine 
surface-modified  iron  oxide  particles.  The  increase  of  coer¬ 
civity  can  be  attributed  to  the  energy  barrier,  which  requires 
a  larger  applied  field  during  the  switching,  due  to  the  positive 
surface  anisotropy.  For  smaller  particles  that  have  a  larger 
surface-to-volume  ratio,  the  effects  of  surface  anisotropy 
could  be  more  prominent. 
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The  connection  between  hysteresis  phenomena  and  free  energy  metastable  states  in  magnetic 
systems  is  discussed.  A  random  free  energy  model  is  introduced,  which  leads  to  a  stochastic 
differential  equation  for  the  evolution  of  magnetization  in  time.  We  show  that  the  solutions  of  this 
equation  are  equivalent  to  the  Preisach  model  of  hysteresis.  The  analytical  form  of  the  Preisach 
distribution  is  calculated.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)20808-2] 


I.  INTRODUCTION 

Hysteresis,  and  in  particular  ferromagnetic  hysteresis, 
has  its  origin  in  the  multiplicity  of  metastable  states  in  the 
system  free  energy.  The  consequences  of  such  a  general 
statement  are  usually  very  difficult  to  translate  into  quantita¬ 
tive  predictions.  An  intermediate,  more  viable  approach  pur¬ 
sued  by  several  authors  has  been  to  introduce  phenomeno¬ 
logical  models,  where  all  the  basic  hysteretic  features  are  a 
direct  consequence  of  a  few  simple  initial  assumptions.  In 
this  respect,  a  powerful  tool  is  the  Preisach  model,1  where 
hysteresis  is  described  by  a  collection  of  a  large  number  of 
elementary  bistable  units,  each  characterized  by  the  values  a 
and  1 8,  a>/3,  at  which  the  external  field  Ha  makes  the  unit 
switch  up  or  down.  A  given  system  is  fully  described  by  the 
switching  field  distribution  The  Preisach  model 

clarifies  several  important  aspects  of  hysteresis  phenomena, 
but  its  relation  to  the  system  free  energy  properties  still  pre¬ 
sents  several  unresolved  aspects.  The  most  remarkable  result 
in  this  respect  is  still  perhaps  Neel’s  derivation  of  the  Ray¬ 
leigh  law  of  ferromagnetic  hysteresis,2  where  he  showed  that 
the  behavior  of  a  magnetic  domain  wall  under  small  fields  is 
approximately  equivalent  to  a  Preisach  description  with  a 
constant  Preisach  density. 

In  this  paper  we  analyze  the  properties  of  a  simple 
single-degree-of-freedom  system  which  sheds  new  light  on 
this  problem.  The  model  is  based  on  a  stochastic  description 
of  the  system  free  energy  F(I )  as  a  function  of  the  magne¬ 
tization  /,  characterized  by  the  presence  of  a  great  number  of 
local  minima.  We  will  show  that  the  evolution  of  the  system 
through  the  metastable  states  landscape  results  in  a  random 
sequence  of  irreversible  jumps  and  that  the  associated  hys¬ 
teresis  properties,  once  averaged  over  a  proper  statistical  en¬ 
semble,  are  equivalent  to  a  Preisach  description  with  an  ex¬ 
ponential  Preisach  distribution  of  the  form  p(a,{3) 
ocexpf  -  (a  -  f3)/2Ax] ,  where  A  and  x  are  suitable  constants. 
The  model  shows  how  the  Preisach  description  arises  from 
the  stochastic  dynamics  of  the  system  and  thus  represents  an 
important  result  in  the  direction  of  clarifying  the  physical 
meaning  and  limits  of  the  Preisach  model  itself. 

II.  MODEL 

We  will  consider  a  ferromagnetic  system,  described  by 
its  magnetization  /,  evolving  under  the  action  of  a  time- 
dependent  external  field  Ha(t),  where  internal  heat  is  pro¬ 
duced  as  a  consequence  of  irreversible  processes.  The  rate  of 
heat  production  per  unit  volume  during  a  given  isothermal 
transformation  is 


dl 

dt 


dF 

~di 


dF 


dl 

dt' 


(1) 


where  Hadl/dt  is  the  power  injected  into  the  system  and 
F(I )  is  the  system  free  energy.  We  consider  the  case  where 
the  system  is  not  brought  too  far  from  equilibrium,  so  that 
there  exists  a  linear  relationship  between  the  thermodynamic 
flux  dl/dt  and  the  thermodynamic  force  Ha(t)-dF!dI, 


dl 


dF 
~dl ' 


(2) 


In  the  case  of  a  quadratic  dependence  of  F  on  /,  i.e., 
F~I2I2x ,  Eq.  (2)  gives  the  well-known  exponential  relax¬ 
ation  equation  ydlldt=Ha- //*.  This  equation  predicts  a 
linear  quasistatic  behavior  of  the  form  I=xHa  (no  hyster¬ 
esis).  Under  stationary  conditions,  if  Ha  increases  at  constant 
rate,  dI/dt  =  xdHa/dt ,  and  the  heat  production  per  unit  mag¬ 
netization  change  is  dQfdl ==  ydlidt  —  yxdHJdt. 

Moving  from  these  well-known  results,  we  now  consider 
the  case  where  F  exhibits  random  fluctuations  around  the 
large-scale  parabolic  behavior,  as  a  consequence  of  the  pres¬ 
ence  of  some  quenched-in  disorder  in  the  system.  We  thus 
consider  F=/2/2x+Fp<7),  where  Fp(I)  describes  the  ran¬ 
dom  fine  structure  of  the  free  energy.  This  leads  to  the  for¬ 
mation  of  many  metastable  states.  The  precise  functional  de¬ 
pendence  of  Fp(l)  on  /  is  different  for  different  systems.  We 
assume  that  Fp(I)  is  continuous  and  has  a  continuous  first 
derivative,  so  that  the  random  pinning  field  Hp(I)  =  dFpldl 
exists  and  is  continuous,  but  otherwise  random.  The  simplest 
stochastic  process  having  such  properties  is  an  /-random- 
walk  characterized  by  independent  increments  dHp ,  with 
(dHp)  =  0  and  (| dHp\2)-2Adl.  Some  cutoff  in  this  behav¬ 
ior  is  expected  for  sufficiently  small  or  large  1  variations. 
These  complications  are  not  considered  here  and  will  be  ad¬ 
dressed  in  subsequent  more  refined  treatments.  By  introduc¬ 
ing  the  dimensionless  variables  u  =  tfyx ,  x  =  //A*2, 
v~dxldu,  ha  —  HJAx,  hp=HpIAx ,  we  obtain 

v=ha(u)-[x+hp(x)], 

(3) 

(dhp)  =  0,  (]dhp\2)  =  2dx. 

The  random  nature  of  hp(x)  is  responsible  for  the  corre¬ 
sponding  stochastic  evolution  of  v .  As  shown  in  the  follow¬ 
ing  sections,  there  is  an  intimate  connection  between  the  sta¬ 
tistical  properties  of  the  v  process  and  the  hysteresis 
properties  of  the  system. 
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III.  ENERGY  DISSIPATION 


Let  us  consider  the  v  process  as  a  function  of  the  dimen¬ 
sionless  coordinate  x.3  By  deriving  Eq.  (3)  with  respect  to  x 
in  the  case  where  the  external  field  increases  at  the  constant 
time  rate  c  =  dhaldu ,  we  obtain 


dv  I  c\  dhp(x) 

dx  +  \  vj  dx 


(4) 


The  associated  Fokker-Planck  equation  for  the  v  transi¬ 
tion  density  P(v,x\v0)  is 


dP  d 
dx  dv 


(5) 


From  Eq.  (5),  the  stationary  distribution  turns  out  to  be 
px ( *0  =  Y{c  +  T)  pC  exp(  _  ’  (6) 


where  the  subscript  x  recalls  the  fact  that  Px  represents  the 
distribution  of  v  values  picked  up  at  random  x  positions.  In 
the  limit  of  quasistatic  excitation  (c<ll),  the  system  evolves 
by  a  sequence  of  well-separated  Barkhausen  jumps,  respon¬ 
sible  for  the  quasistatic  hysteretic  behavior  of  the  system.4,5 
The  corresponding  heat  production  {dQildI)I=y 
(dIldt)j=xMv)x  can  be  calculated  from  Eq.  (6)  as 

[^j=xMv)x=xA  Jg  vPx(v)dv 
r(c+2) 

=xAT&+i)=xA(1+c) 

=*A+v{ t)'  (7) 

The  heat  production  per  unit  average  magnetization 
change  has  the  dimensions  of  a  field  and  represents  the  half¬ 
width  of  the  corresponding  hysteresis  loop.  The  first  term  in 
the  last  expression  of  Eq.  (7)  represents  the  quasistatic  dissi¬ 
pation  associated  with  a  hysteresis  loop  of  half-width 
H0=Ax ,  while  the  second  one  is  the  dynamic  dissipation 
expected  when  fluctuations  can  be  neglected,  so  that 
F~I2J2x ,  as  calculated  above.  The  fact  that  these  two  terms 
are  simply  summed  up  is  what  is  commonly  termed  loss 
separation.  Our  result  shows  that  this  is  a  rigorous  property 
of  a  certain  class  of  dynamical  systems,  rather  than,  as  is 
often  assumed,  a  useful  empirical  assumption  for  the  descrip¬ 
tion  of  experimental  results. 


IV.  EQUIVALENCE  WITH  THE  PREISACH  MODEL 

As  shown  by  Eq.  (7),  the  model  predicts  the  existence  of 
rate-independent  hysteresis  in  the  limit  of  vanishing  magne¬ 
tization  rates.  We  will  show  that  these  hysteresis  effects  can 
be  described  by  the  Preisach  model.  Mayergoyz  proved  that 
a  system  with  hysteresis  is  equivalent  to  the  Preisach  model 
if  it  obeys  the  so-called  “wiping  out  or  retum-point- 


FIG.  1.  Example  of  evolution  of  the  system  over  h0(x)  =  hp(x)+x  with  a 
field  rate  dhafdu-c<\ .  h+ (jc;x0)  is  an  ascending  branch  starting  from  the 
point  xQ .  The  wiping  out  property  assures  the  closure  of  the  minor  loop 
between  the  and  h2  fields. 


memory”  and  “congruency”  properties.6  We  will  prove  that 
the  system  described  in  the  preceding  sections  obeys  these 
properties. 

Wiping  out  or  return-point-memory  property :  If  we  con¬ 
sider  a  nonmonotone  applied  field  with  two  subsequent  re¬ 
versal  points  hi  and  h2 ,  as  the  field  goes  back  from  h2  to  hx 
and  reaches  hx  again,  the  system  returns  to  exactly  the  same 
state  it  was  at  the  first  reversal  point. 

We  prove  this  property  in  the  limit  of  the  low  applied 
field  rate  dhjdu-c<\.  In  this  limit,  the  behavior  of  the 
system  depends  only  on  the  sign  of  dhjdu .  Irreversible 
jumps  correspond  to  horizontal  ha  segments  starting  from 
local  maxima  of  h0(x)  =  hp(x)  +  x  (see  Fig.  1).  The  evolu¬ 
tion  of  the  system  is  described  by  the  ha(x)  line.  We  indicate 
by  /z«(x;x0)  and  h~(x;xQ)  generic  monotone  branches 
originating  from  the  point  x0 ,  and  associated  with  increasing 
(+)  or  decreasing  (-)  field.  The  system  must  be  at  rest  at  the 
point  x0,  which  means  that  h^(x0‘,x0)  =  h0(x 0),  h~(x 0;x0) 
=  ft0(x0).  Monotone  branches  satisfy  the  following  laws: 

(1)  h+ (x;xQ)^h~(x\xx)  for  any  x0  and  xx .  This  is  the 
immediate  consequence  of  the  fact  that,  by  definition, 
K (*;*o)  ^oOO  and  h~(x;xY)^h0(x)  for  any  x. 

(2)  /ifl'(x;x0)  ^h+(x\xx)  for  any  xx^x0  and 

h~(x;x0)^h~(x;xx)  for  any  x^Xq.  Let  us  consider  the 
first  inequality  and  suppose  it  is  not  obeyed.  Then  there  ex¬ 
ists  a  local  maximum  of  h0(x)  exceeding  fr*(x;x0),  with 
x>x0.  But  this  is  not  possible,  because,  as  illustrated  above, 
ha(x-x0)^h0(x)  foranyx>x0. 

The  two  inequalities  (1)  and  (2)  imply  the  wiping  out 
property.  In  fact,  let  us  consider  a  branch  /z*(x;x0),  up  to  the 
turning  point  h  +  (xx  ;x0)~h0(xx),  xx>x0,  and  the  subse¬ 
quent  decreasing  branch  h~(x\xx)  down  to  the  second 
turning  point  h~ (x2\xx)  =  h0(x2)i  x1>x2>x0.  Let  us 
consider  the  branch  /i^"(x;x2).  By  inequality  (1), 
K (x;x2)^h~ (x;Xi) .  On  the  other  hand,  since  x2>x0,  in¬ 
equality  (2)  gives  /z*(x;x0)^/z  +  (x;x2).  Thus  h  +  (x;x0) 
^ h  +  (x;x2)  ~ (x;xj).  Since  h* (xx  ;x0)  =  h~ (xi  \xx) 
—  /z0(x1) ,  also  (x1;x2)  =  /20(x i).  This  proves  the  wiping 
out  property. 
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Congruency  property :  All  minor  loops  delimited  by  the 
same  peak  field  values  are  geometrically  congruent. 

In  order  to  prove  this  property,  we  have  to  properly  de¬ 
fine  minor  loops.  Let  us  consider  an  applied  field  oscillating 
between  the  two  reversal  points  h{  and  h2.  Because  of  the 
wiping-out  property,  cycling  between  h2  and  hx  will  eventu¬ 
ally  generate  a  closed  minor  loop  in  all  cases.  Individual 
minor  loops  between  the  same  peak  fields  will  have  in  gen¬ 
eral  different  shapes,  so  that  congruency  can  hold  only  for 
the  average  loop  obtained  after  statistical  average  over  the 
subensemble  of  h0(x)  portions  selected  by  the  applied  field 
history.  After  the  average,  the  minor  loop  shape  can  only 
depend  on  the  difference  h  =  h2  —  hXi  and  not  on  h{  or  h2 
separately.  This  occurs  because  the  increments  of 
h0(x)=x  +  hp(x)  for  a  given  x  increment  Ax  have  a  statis¬ 
tical  distribution  only  dependent  on  Ax  and  otherwise  com¬ 
pletely  independent  of  hQ  and  x.  Thus  average  minor  loops 
associated  with  the  same  A  h  difference  are  identical  in 
shape.  This  proves  the  congruency  property. 

The  fact  that  minor  loops  characterized  by  the  same  A  ft, 
with  different  hx  and  h2,  are  congruent  implies  that  the  Prei- 
sach  distribution  p(a,/3)  associated  with  the  system  is  a 
function  of  (a— (3)  only.  The  analytic  dependence  on  (a- 0) 
can  be  determined  by  considering  the  rate  of  energy  dissipa¬ 
tion  predicted  by  the  model.  According  to  the  Preisach 
model,  the  energy  dissipated  during  a  given  field  change  dHa 
is 

C  H 

dQi  =  dHa  J  _Jp(Ha-fi)p(Ha-l3) 

=  4dHa  f°°dhchcp(hc),  (8) 

Jo 

where  hc-{a~  (3)12  represents  the  half- width  of  each  el¬ 
ementary  Preisach  loop.  Let  us  compare  this  expression  with 
the  term  of  Eq.  (7)  where  the  dissipation  is  expressed  in 
terms  of  Px(v).  The  quantity  hc  plays,  in  the  Preisach  model, 
the  same  role  of  ydl/dt ,  i.e.,  of  v ,  since  it  measures  the  rate 
of  energy  dissipation.  Therefore,  from  Eqs.  (7)  and  (8),  by 
taking  the  limit  c-*0  and  by  exploiting  the  correspondence 
hc<->  ydIldt=Axv ,  p(hc) <->exp( - v )  =exp( - hJAx)  and 
the  fact  that  dI=xdHa ,  we  obtain 


1  /  a-/3\ 

p(a-ffl--eXp(-— J.  (9) 

It  is  worth  noticing  that  this  distribution  has  no  dependence 
on  hu  =  (a  +  /3)I2,  as  our  model  describes  nonsaturating  hys¬ 
teresis.  Furthermore,  in  the  case  of  small  applied  fields  the 
Rayleigh  law  I~ aH+bH2  holds  with  a  —  0  and  b—  1/(2 A). 

V.  CONCLUSIONS 

The  physical  picture  here  proposed  gives  a  convincing 
interpretation  of  several  experimental  observations.  The 
model  predicts  Barkhausen  jump  properties  which  are  in 
good  agreement  with  recent  experiments.4,5  The  Preisach  de¬ 
scription  mentioned  above  predicts  a  hysteresis  loop  half¬ 
width  proportional  to  A^.  As  shown  in  Sec.  II,  the  parameter 
X  describes  the  curvature  of  the  large-scale  potential  well  in 
which  a  given  domain  wall  is  trapped.  This  curvature  can  be 
experimentally  modified  by  various  means,  and  the  depen¬ 
dence  of  coercivity  on  x  has  actually  been  observed  and 
interpreted  by  methods  similar  to  the  ones  discussed  in  Sec. 
III.7  Finally,  the  Preisach  density  of  Eq.  (9)  obeys  the  factor¬ 
ization  p ( a, /3)=f( a)f(-fi),  with  /(x)  proportional  to 
exp(-x).  Recently,  there  has  been  some  debate  about  the 
fact  that  such  factorization  might  be  the  natural  one  when 
domain  wall  motion  is  the  basic  magnetization  mechanism.8,9 
The  present  results  make  clear  the  context  and  the  limits 
within  which  this  assumption  is  acceptable. 

'F.  Preisach,  Z.  Phys.  94,  277  (1935). 

2L.  Neel,  Cahiers  de  Phys.  12,  1  (1942). 
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erties  of  the  Barkhausen  effect  (see  Refs.  4  and  5  and  references  therein). 
An  analytic  solution  as  a  function  of  the  time  exits  in  closed  form  in  the 
case  where  the  external  field  increases  at  constant  rate. 

4B.  Alessandro,  C.  Beatrice,  G.  Bertotti,  and  M.  Montorsi,  J.  Appl.  Phys. 
64,  5355  (1988);  68,  2901  (1990);  68,  2908  (1990). 

5G.  Durin,  G.  Bertotti,  and  A.  Magni,  Fractals  3,  351  (1995). 

6 1.  D.  Mayergoyz,  Mathematical  Models  of  Hysteresis  (Springer,  New 
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8V.  Basso  and  G.  Bertotti,  IEEE  Trans.  Magn.  30,  64  (1994). 
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(1994). 
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A  numerical  micromagnetic  technique  is  used  to  simulate  magnetization  processes  in 
two-dimensional  thin  metallic  platelets.  The  platelets  are  modeled  as  an  array  of  interacting 
polycrystalline  grains.  The  technique  assumes  a  triangular  discretization  at  the  subgrain  level  with 
the  magnetization  varying  linearly  over  each  triangle.  The  coupling  between  the  grains  has  a 
profound  effect  on  the  magnetic  structure  of  the  platelets  as  does  the  grain  size.  For  systems  with 
strongly  exchange  coupled  grains,  approximately  solenoidal  magnetization  structures  exist.  A  single 
domain  behavior  exists  for  systems  with  weakly  coupled  grains.  The  magnetization  pattern  of  the 
platelets  has  been  characterized  by  the  vorticity  of  the  magnetization  vector  field.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)20908-9] 


I.  INTRODUCTION 

Since  the  theory  of  micromagnetics  was  formulated  by 
Brown,1,2  numerical  techniques  have  become  an  everyday 
tool  in  solving  micromagnetic  problems.  Then,  only  particles 
with  the  simplest  of  geometries  were  considered  enabling 
analytical  techniques  to  be  employed.  It  is,  however,  appar¬ 
ent  that  for  present  day  technological  applications  these  par¬ 
ticles  generally  have  a  wide  distribution  of  complicated  ge¬ 
ometries.  The  demagnetizing  field  within  the  particles  is 
generally  nonuniform.  This  gives  rise  to  nonuniform  magne¬ 
tization  states.  It  is  therefore  not  surprising  that  for  particles 
with  more  complicated  morphology,  the  idea  of  nonuniform 
magnetization  within  the  particles  cannot  be  ignored.  The 
intergranular  correlations  in  materials  with  nonuniform  mag¬ 
netization  properties  within  grains  is  of  great  significance. 
Shape3  and  size3,4  have  been  found  to  influence  the  magnetic 
behavior  of  these  systems.  Effort  has  been  made  by  different 
authors  to  investigate  the  magnetization  processes  associated 
with  such  complicated  shapes. 

In  this  paper,  we  present  a  dynamic  finite  element 
method  which  is  used  to  study  magnetization  processes  in 
poly  crystalline  two-dimensional  (2D)  platelets  with  a  realis¬ 
tic  grain  structure.  The  grains  which  are  irregularly  shaped, 
have  been  produced  by  the  Voronoi  construction4  and  have 
easy  anisotropy  axes  oriented  at  random.  The  Landau - 
Lifschitz  (LL)  equation  is  used.  We  give  a  brief  description 
of  the  model  in  Sec.  II  and  we  present  some  results  in  Sec. 
III. 

II.  MICROMAGNETIC  MODEL 

Since  the  bulk  of  the  micromagnetic  model  has  been 
described  elsewhere,4  we  shall  limit  ourselves  to  a  brief  de¬ 
scription.  The  2D  platelet  is  modeled  as  an  array  of  irregu¬ 
larly  shaped  interacting  polycrystalline  grains  produced  us¬ 
ing  the  Voronoi  construction  4  Each  grain,  assumed  to  be  a 
single  crystal,  is  assigned  a  random  in-plane  uniaxial  anisot¬ 
ropy  easy  axis.  The  approach  assumes  a  triangular  discreti¬ 
zation  at  the  subgrain  level  with  the  magnetization  allowed 
to  vary  linearly  within  each  triangle.  We  have  discretized 
each  grain  by  joining  its  nodes  to  its  seed  point  (center).  The 
total  magnetic  field  at  each  point  within  the  platelet  is  made 
up  of  contributions  from  external,  exchange,  anisotropy,  and 
magnetostatic  sources.  The  formulation  of  all  the  field  terms 
has  been  given  in  our  previous  work.4 


The  time  evolution  of  the  magnetization  of  the  system  is 
governed  by  the  LL  equation  which  can  be  written  as 

dm 

—  =  mXh-amX(mXh),  (1) 


where  h=H /Hk  is  the  total  reduced  effective  field  from  all 
sources,  m=M IMS  the  reduced  magnetization,  a  the  reduced 
damping  constant,  and  r  the  reduced  time.  Hk~2K/Ms,  K 
being  the  uniaxial  anisotropy  constant  and  Ms  the  saturation 
magnetization.  A  fourth-order  predictor-corrector  algorithm 
with  error  control  capability  and  step  size  adjustment  is  used 
to  solve  the  system  of  coupled  differential  equations  (1).  A 
suitable  convergence  criterion  is  adopted  by  limiting  the 
angle  between  m  and  h  to  within  0.01  rad. 

The  magnetic  structure  is  characterized  by  the  vorticity 
(r)  of  the  magnetization  field  vector.  The  vorticity  defines 
the  sense  of  rotation  of  the  magnetization  vector  as  well  as 
the  extent  to  which  it  is  tilted  in  the  vortex  regions.  It  is 
defined  as  the  line  integral  of  the  magnetization  field  vector 
along  a  chosen  path  in  the  film  plane  scaled  with  respect  to 
the  length  of  the  path.5,6  For  convenience,  we  chose  a  circu¬ 
lar  path.  Thus  T^r)  d\!§p' d\,  defines  the  vorticity  at 
points  lying  on  the  circumference  of  a  circle  of  radius  r 
centered  on  the  seed  point  of  grain  i.  p  is  a  unit  vector 
tangential  to  the  path.  Given  that  <|>m'<i\=/5(VXin)ds  by 
Stoke’s  theorem,  it  is  more  convenient  in  practice  to  calcu¬ 
late  the  vorticity  function  via  the  curl  of  m.  Because  of  the 
presence  of  vortices  with  positive  and  negative  sense,  the 
most  sensible  system  average  is  the  absolute  value  of  T. 
Thus  we  define  the  system  vorticity  as 


N 


2 

;*=  1 


Ip -d\ 


(2) 


where  N  is  the  number  of  seed  points  considered.  The  vor¬ 
ticity  function  as  defined  is  an  extension  of  the  previous 
definition5’6  and  is  potentially  sensitive  to  the  magnetic  mi¬ 
crostructure  of  the  films. 


III.  RESULTS  AND  DISCUSSION 

We  have  simulated  structures  in  Co  platelets  with  differ¬ 
ent  grain  sizes  and  degree  of  intergranular  exchange  cou¬ 
pling.  There  are  free  boundary  conditions.  The  predicted 
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FIG.  1.  (a)  C*  =  0.0,  ft  =  0.23,  grain  size=400  A,  thickness  =1000  A.  (b) 
C*  =  0.4,  ft  =  0.1 5,  grain  size=400  A,  thickness  =1000  A. 

structures  agree  with  the  experiments  of  Wong  et  al?  The 
choice  of  material  parameters  is  as  follows:  a- 1.0,  A  =  10  6 
ergs/cm,  C*  is  in  the  range  of  0.0-0.4,  AT=4.2X106 
ergs/cm3,  and  M5=1.4X103  emu/cm3.  A  is  the  exchange 
constant  and  C*  defines  the  strength  of  the  intergranular  ex¬ 
change  coupling.  Films  with  an  aspect  ratio  of  2:1  have  been 
used  with  thicknesses  of  125  A  for  grains  averaging  50  A  in 
diameter  and  1000  A  for  400  A  grains.  We  have  calculated 
hysteresis  loops  and  obtained  magnetization  plots.  The  vor- 
ticity  function  has  been  used  to  characterize  the  magnetic 
structure  and  investigate  the  nature  of  magnetization  rever¬ 
sal. 

A.  Magnetization  structure 

In  Figs.  1(a)  and  1(b),  the  arrows  represent  the  vector 
average  of  the  magnetization  within  the  grains.  The  state  of 
the  system  close  to  the  coercive  field  for  grains  averaging 
approximately  400  A  in  size  are  shown  for  C*  =  0.0  and 
C*  =  0.4.  Clearly,  the  magnetic  behavior  of  the  systems  dif¬ 
fer.  For  low  C*,  the  magnetic  structure  is  not  well  defined. 


FIG.  2.  C*  =  0.0.  No  magnetostatic  interactions. 


FIG.  3.  (a)  |r|  vs  r,  C*  =  0.4,  grain  size=50  A,  thickness  =  125  A.  (b)  |F|  vs 
r,  C*  =  0.0,  grain  size=400  A,  thickness  =1000  A.  (c)  |r|  vs  r,  C*  =  0.4, 
grain  size=400  A,  thickness  =1000  A. 


There  is  considerable  disorder  in  the  flux  pattern  although  a 
tendency  to  form  a  weak  solenoidal  structure  can  be  dis¬ 
cerned.  This  is  due  to  the  weak  coupling  between  the  grains. 
For  high  C*,  regions  of  flux  closure  exist.  Local  irregulari¬ 
ties  in  the  magnetization  structure  are  minimal.  The  magne¬ 
tization  structure  is  approximately  solenoidal.  Similar  to  Ref. 
8,  similar  behavior  was  observed  for  other  grain  sizes  and  is 
consistent  with  experimental  data.  The  magnetic  structure  is 
not  perfectly  solenoidal  probably  due  to  the  polycrystalline 
nature  of  the  system. 
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B.  Characterization  of  magnetization  structures 

The  process  of  vortex  formation  and  its  subsequent  ex¬ 
pansion  can  be  characterized  by  the  vorticity  of  the  magne¬ 
tization  distribution.  T(r)  has  a  very  characteristic  behavior 
as  can  be  seen  by  studying  its  variation  with  r  at  different 
points  on  the  hysteresis  loop,  an  example  of  which  is  given 
in  Fig.  2.  This  loop  (calculated  for  zero  magnetostatic  and 
exchange  interactions)  serves  to  define  seven  characteristic 
points  at  which  the  vorticity  has  been  calculated  for  a  num¬ 
ber  of  simulations. 

Figures  3(a) -3(c)  show  the  absolute  vorticity  (|r|)  ver¬ 
sus  the  radii  of  the  circular  path.  In  Fig.  3(a),  C*  =  0.4  and 
the  grain  size  is  50  A.  In  Figs.  3(b)  and  3(c),  C*  =  0.0  and 
0.4,  respectively,  while  the  grain  size  is  400  A. 

The  plots  clearly  demonstrate  vortex  formation  in  these 
systems  and  can  be  related  to  the  magnetization  structures 
and  reversal  mechanism  as  follows. 

At  saturation,  the  vorticity  is  quite  close  to  zero  in  Figs. 
3(a)-3(c).  The  fact  that  it  is  not  exactly  zero  indicates  the 
effects  of  the  demagnetizing  field  at  the  ends  which  result  in 
bending  nonuniform  magnetization  structures.  As  the  exter¬ 
nal  field  is  reduced  from  saturation,  a  peak  appears  indicat¬ 
ing  the  onset  of  vortex  formation.  The  peak  becomes  more 
pronounced  as  the  applied  field  is  further  reduced,  indicating 
the  subsequent  expansion  of  the  vortex  as  it  moves  inwards 
from  the  ends.  The  maximum  vorticity  reaches  a  peak  close 
to  the  coercive  field  indicating  that  the  vortices  are  fully 
expanded.  For  high  values  of  C*,  the  vorticity  peaks  sharply 
for  systems  with  larger  grain  sizes  [Fig.  3(c)]  compared  to 
Fig.  3(a)  in  which  the  average  grain  size  is  smaller  and  where 
the  peak  broadens.  In  addition,  the  peak  value  of  the  vorticity 
is  significantly  higher  (**1.0)  in  Fig.  3(c).  Thus  at  the  coer¬ 
cive  force,  peaks  are  pronounced  in  those  systems  where 


vortex  formation  occurs  readily.  For  lower  values  of  C*  as  in 
Fig.  3(b),  the  peak  is  less  pronounced  and  broadens,  indicat¬ 
ing  that  there  is  little  sign  of  vortex  formation.  Further  re¬ 
duction  in  the  applied  field  results  in  a  gradual  disappearance 
of  the  peak  as  the  vortex  moves  through  the  particle  and 
subsequently  disappears  at  negative  saturation.  The  maxi¬ 
mum  vorticity  increases  with  increasing  grain  size.  Thus  T 
seems  to  be  reflecting  the  form  of  the  microstructure  and 
magnetization  reversal. 

IV.  CONCLUSION 

A  dynamic  finite  element  method  in  micromagnetics  has 
been  described.  The  magnetic  structures  are  profoundly  in¬ 
fluenced  by  the  strength  of  the  magnetic  interactions  and  the 
shape  and  size  of  the  grains.  The  structures  have  been  char¬ 
acterized  by  the  vorticity  of  the  magnetization  field  vector. 
The  magnitude  and  variation  of  the  vorticity  are  strongly 
influenced  by  the  grain  size  and  the  magnetic  interactions. 
The  solenoidal  magnetization  structures  predicted  by  our 
theoretical  model  have  been  observed  experimentally. 
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Three-dimensional  analysis  of  the  magnetization  process  of  thin-film  media 
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A  calculation  model  in  which  the  medium  is  considered  as  a  set  of  many  fine  magnetic  particles  is 
applied  to  thin-film  media.  The  magnetic  characteristics  are  calculated  for  a  particle  with  an  initial 
layer,  a  particle  without  an  initial  layer,  and  media  composed  of  the  particles  of  either  type.  The 
results  show  that  the  switching  mode  of  both  particles  is  a  quasi-coherent  rotation  but  the  switching 
field  dependence  of  the  particle  with  an  initial  layer  has  curlinglike  characteristics.  The 
perpendicular  medium  with  an  initial  layer  is  over  corrected  by  4ttMs  demagnetization  correction. 
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I.  INTRODUCTION 

All  kinds  of  recording  media  have  intrinsic  particle 
structures,  sizes  and  shapes,  and  interactions  between  them. 
When  analyzing  media,  we  must  consider  the  characteristics 
of  fine  magnetic  particles  of  which  they  are  constituted.  In 
order  to  analyze  a  medium  microscopically  the  authors  have 
proposed  a  new  medium  model  for  calculating  the  magnetic 
characteristics  of  recording  media.1  Several  calculation  mod¬ 
els  have  been  proposed,2,3  but  they  have  assumed  either  that 
the  magnetization  in  a  particle  is  uniform  or  that  the  switch¬ 
ing  field  characteristics  of  a  particle  are  curling.  In  this 
model,  no  assumptions  are  made  about  either  the  magnetiza¬ 
tion  in  a  particle  or  the  reversal  mode.  The  medium  is  con¬ 
sidered  as  a  many-body  system  of  fine  magnetic  particles  and 
the  magnetic  characteristics  of  the  media  are  calculated  from 
the  magnetic  properties  of  the  isolated  fine  particles  and  in¬ 
terparticle  interactions.  The  authors  have  previously  calcu¬ 
lated  the  characteristics  of  metal-particle  and  barium-ferrite- 
particle  media  and  showed  the  effect  of  the  interactive  field 
on  the  magnetization  process.1 

We  have  now  improved  this  model  for  application  to 
thin-film  media.  In  the  improved  model,  the  initial  layer  of  a 
fine  particle  can  be  considered  for  calculation  of  the  switch¬ 
ing  process.  To  calculate  the  medium  magnetization  process, 
the  exchange  and  demagnetization  fields  are  also  considered. 
Using  this  model,  we  calculate  the  magnetization  curves  for 
perpendicular  thin-film  media.  Perpendicular  media  have  an 
initial  layer  which  is  semihard  and  has  easy  axis  in  the  plane, 
because  the  surface  roughness  or  adatoms  of  the  substrate 


throw  an  initial  crystal  growth  into  disorder.  In  order  to  study 
the  effect  of  initial  layer  on  the  magnetization  process,  we 
calculate  the  magnetization  curves  of  perpendicular  media 
both  with  and  without  an  initial  layer.  The  validity  of  a  de¬ 
magnetization  correction  for  perpendicular  media  is  also  dis¬ 
cussed. 

II.  CALCULATION  MODEL 

A.  Calculation  model  for  the  switching  process  of  an 
isolated  fine  particle 

The  switching  process  of  an  isolated  fine  particle  was 
calculated  numerically  by  use  of  the  Landau-Lifshitz- 
Gilbert  equation.4  The  fine  particles  are  assumed  to  be  hexa- 
hedral,  as  shown  in  Fig.  1.  The  particle  is  divided  into 
nxXnyXnz  cubic  cells.  The  cell  size  is  set  sufficiently  small 
for  the  magnetization  in  the  cell  to  be  considered  uniform. 
The  easy  axis  of  each  cell  can  be  set  independently  for  con¬ 
sideration  of  not  only  the  perpendicular  layer  but  also  the 
initial  layer.  The  forward  differential  method  was  used  be¬ 
cause  the  algorithms  are  simple  and  the  free  boundary  con¬ 
dition  was  imposed.  The  calculation  parameters  are  shown  in 
Table  I. 

B.  Calculation  model  for  magnetization  process  of 
the  medium 

The  medium  model  is  shown  in  Fig.  2.  The  thin-film 
medium  is  composed  of  fine  particles  located  on  NxXNy 


perpendicular 
magnetic  layer 


initial  layer 

■*Y 


(a)  particle  A 


(b)  particle  B 


FIG.  1.  Calculated  particles. 


TABLE  I.  Calculation  parameters  of  particles. 


Particle  A 

Particle  B 

Division  number 
nxXnyXnz 

5X5X26 

5X5X26 

Cell  size  [nm] 

9 

9 

Exchange  in  a  particle 

A  [X 10-6  erg/cm] 

0.6 

0.6 

Magnetocrystalline 
anisotropic  constant 

Ku j  [Xl04erg/cc] 

142-342 

142-342 

Ku2  [X104  erg/cc] 

36-85 

36-85 

Initial  layer 

Ku  i  [X104  erg/cc] 

48-114 

Ku2[x\04  erg/cc] 

12-28 

Saturation  magnetization 

Ms  [emu/cc] 

570 

570 
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FIG.  2.  Medium  model. 


lattice  points  with  each  easy  axis  direction.  The  characteris¬ 
tics  of  the  isolated  particle  have  already  been  calculated  in 
(a),  and  now  the  interactive  field  must  be  calculated.  This 
includes  considerations  of  the  magnetostatic  interactive  field 
from  other  particles,  the  exchange  field  from  the  nearest 
neighboring  particles,  and  the  demagnetization  field.  For 
simplicity,  the  magnetostatic  field  was  calculated  on  the  as¬ 
sumption  that  the  magnetization  of  the  particles  is  uniform. 
The  demagnetization  field  coefficient  in  the  z-axis  direction 
is  equal  to  1.  The  calculation  range  of  the  magnetostatic 
interactive  field  is  to  the  sixth  nearest  neighboring  particles. 
The  periodic  boundary  condition  was  imposed.  The  calcula¬ 
tion’s  parameters  are  shown  in  Table  II.  All  distribution  is 
assumed  to  be  Gaussian. 

Ill  RESULTS  AND  DISCUSSION 

A.  Switching  process  of  an  isolated  fine  particle 


Field  angle  6  [deg.] 
(a)  Switching  field  of  particles 


0  I - 1 - 1 - 3 

0  30  60  90 

Field  angle  6  [deg.] 

(b)  Coercive  force  of  particles 


FIG.  3.  Switching  field  and  coercive  force. 


case  of  long  and  thin  particles  less  total  energy  is  used  than 
in  other  switching  modes.  The  switching  field  of  particle  A  is 
much  smaller  than  that  of  particle  B  in  the  small  field  angle. 
For  particle  A,  the  magnetization  layer  is  in-plane  by  the 
easy  axis  in  the  plane  in  the  initial  layer  and  out  of  plane  by 
the  easy  axis  out  of  the  plane  in  the  perpendicular.  The  angle 
of  magnetization  in  both  layers  is  nearly  90°.  Accordingly,  a 
large  torque  acts  on  the  initial  layer  in  the  low  field  angle. 


Figure  3  shows  the  dependence  of  the  switching  field 
and  coercive  force  on  the  angle  of  the  external  field  with  a 
crystalline  anisotropic  field  strength  of  8000  Oe.  The  switch¬ 
ing  mode  of  both  particle  A  with  an  initial  layer  and  particle 
B  without  an  initial  layer  is  a  quasi-coherent  rotation.  The 
curve  of  particle  A,  however,  is  similar  to  a  curling  mode 
curve.  Magnetization  reversal  of  both  particles  starts  at  one 
end  of  the  particle,  with  the  reversal  then  gradually  moving 
to  the  other  end.  This  switching  mode  is  taken  because  in  the 

TABLE  II.  Calculation  parameters  of  media. 

Medium  A  Medium  B 


Particle  number  NxXNy 
Lattice  distance  dx  X  dy  [nm] 
Interparticle  exchange 

'IpmeaJX'O'6  erg/cm] 

<rAp  [X 10  6  erg/cm] 
Easy  axis  dispersion 
o-zx,azy  [deg] 
Average  anisotropic  field 
^kmean  £Oc] 

Anisotropic  field  dispersion 
a Hk  [Oel 


50X50 

50X50 

50X50 

50X50 

0.2 

0.2 

0.2 

0.2 

4,4 

4,4 

7500 

7500 

500 

500 

-10  -5  0  5  10 

External  field  [kOe] 

(a)  Medium  A  with  initial  layer 


(c)  Medium  A  without  demagnetization  field 
and  demagnetization  corrected  curve 


-10  -5  0  5  10 

External  field  H*x  [kOe] 

(b)  Medium  B  without  initial  layer 
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(d)  Measured  Co-Cr-Ta  medium 

FIG.  4.  Calculated  and  measured  magnetization  curves. 
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B.  Magnetization  curves  of  the  media 

These  magnetization  curves  were  calculated  for  perpen¬ 
dicular  medium  A  composed  of  particle  A  and  medium  B 
composed  of  particle  B.  Figure  4(a)  and  4(b)  show  the  mag¬ 
netization  curves  of  media  A  and  B  with  the  demagnetization 
field.  Figure  4(c)  shows  magnetization  curves  of  medium  A 
both  without  the  demagnetization  field  and  after  demagneti¬ 
zation  correction  of  the  curve  in  Fig.  4(a).  (The  curve  of 
medium  A  is  shown  (c)  without  the  demagnetization  field 
and  the  corrected  curve  (a)  is  shown  after  demagnetization 
field  correction.)  Calculated  magnetization  curves  (a)  agree 
quite  well  with  the  measured  curves.  The  coercive  force  of 
medium  A  is  much  smaller  than  that  of  B.  The  measured 
magnetization  curves  of  the  perpendicular  Co-Cr-Ta  film 
media  are  also  shown  in  Fig.  4(d)  for  comparison  with  the 
calculated  curves.  The  magnetization  curve  in  the  hard  axis 
direction  jumps  near  the  zero  field  shown  in  Fig.  4(d)  be¬ 
cause  the  real  perpendicular  medium  has  an  initial  layer.  The 
curve  of  the  easy  axis  direction  has  a  slope  of  nearly  AttMs 
because  of  the  demagnetization  field.  The  dashed  line  in  Fig. 
4(d)  is  the  corrected  measured  curve.  Both  corrected  curves 
are  over  corrected  after  simple  demagnetization  correction. 
The  switching  field  of  the  fine  particle  depends  on  not  only 
the  strength  of  the  field  but  also  on  the  angle  between  the 
magnetization  and  the  field.  The  magnetostatic  and  exchange 
fields  take  various  directions,  so  the  switching  field  of  each 
particle  in  the  medium  varies.  The  demagnetization  field  is 
uniform  but  the  total  field  applied  to  particles  exhibits  vari¬ 
ous  strengths  and  directions.  The  result  is  that  the  magneti¬ 


zation  curve  is  not  corrected  precisely  by  simple  demagneti¬ 
zation.  The  reason  for  over  correction  is  that  the 
magnetization  process  depends  strongly  on  both  the  switch¬ 
ing  field  characteristics  and  the  magnetostatic  interactive 
field. 

IV.  CONCLUSION 

The  improved  fine  particle  model  was  applied  to  thin- 
film  media  and  the  magnetization  curves  were  calculated. 
The  following  results  were  obtained: 

(1)  The  switching  field  characteristics  of  the  particle  with 
the  initial  layer  has  curlinglike  characteristics. 

(2)  The  coercive  force  in  the  perpendicular  direction  of  the 
medium  is  considerably  reduced  by  the  initial  layer. 

(3)  The  perpendicular  medium  with  initial  layer  is  over  cor¬ 
rected  by  4  ttMs  demagnetization. 
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This  paper  gives  a  theoretical  analysis  of  recently  reported  experimental  hysteresis  data  by  O’Grady 
and  Greaves  [J.  Magn.  Magn.  Mater.  138,  L233  (1994)]  performed  on  a  variety  of  thin  film  and 
particulate  recording  samples.  Using  recently  developed  hysteresis  models,  it  is  shown  that  the 
nonzero  area  of  their  measured  minor  loop  is  due  to  hysterons  in  the  media  that  switch  to  the  up  state 
in  negative  field.  Using  the  accommodation  model,  it  is  shown  that,  when  cycling  the  applied  field, 
the  computed  magnetization  drifts  up  or  down  and  approaches  a  stable  minor  loop.  The  direction  of 
the  drift  depends  on  the  accommodating  magnetizing  process.  ©  1996  American  Institute  of 
Physics.  [S002 1  -8979(96)2 1 108-X] 


I.  INTRODUCTION 

O’ Grady  and  Greaves1,2  recently  reported  experimental 
hysteresis  data  on  a  variety  of  thin  film  and  particulate  re¬ 
cording  samples  that  they  called  anomalous  effects  in  minor 
hysteresis  loops.  Using  recently  developed  hysteresis  mod¬ 
els,  this  paper  presents  a  theoretical  explanation  of  the  ob¬ 
served  phenomena. 

One  of  the  experiments  they  performed  was  a  magnetiz¬ 
ing  process  that  started  from  positive  saturation,  followed  by 
the  application  of  a  negative  field  Hx  and  then  H2  which  in 
the  experimental  data  they  always  set  to  zero.  They  observed 
that,  for  the  samples  considered,  the  magnetization  of  this 
first-order  reversal  curve  increased  as  the  negative  filed  H  { 
was  being  removed.  It  was  also  observed  that,  when  cycling 
between  H  x  and  H2 ,  the  area  enclosed  by  the  stable  minor 
loop  was  not  zero.  The  experimental  results  also  indicated 
that  the  minor  branches  closed  only  after  the  applied  field 
had  been  cycled  a  sufficient  number  of  times  between  Hx  and 
H2  and  that  during  this  process,  the  magnetizations  at  the  end 
points,  denoted  M(HX)  and  M(H2 ),  decreased  with  each 
cycle  until  the  stable  cycle  was  reached.  In  our  theoretical 
analysis,  we  will  call  these  observations  1,  2,  and  3,  respec¬ 
tively. 

In  this  paper  we  will  show  that  observations  1  and  2  can 
be  explained  by  the  complete  moving  hysteresis  (CMH) 
model.3  The  explanation  of  observation  3  requires  the  addi¬ 
tional  refinement  of  an  accommodation  model.  The  measured 
results  can  be  explained  by  the  accommodating  complete 
hysteresis  (MACH)  model.4  The  parameters  of  the  models 
are  based  on  the  statistical  analysis  of  the  interaction  field 
and  critical  field  in  medium  hard  materials  and  accurately 
predict  complex  high-order  reversal  curves  that  include  both 
locally  reversible  and  irreversible  processes.3-5  It  is  empha¬ 
sized  that,  since  the  reported  experimental  results  are  not 
sufficient  to  identify  the  parameters  of  the  models,  the  goal 
of  this  paper  is  to  show  that  the  observed  but  unexplained 
phenomena  are  in  agreement  with  our  models. 

II.  STABLE  MINOR  LOOPS 

In  this  section,  we  will  show  that  it  is  necessary  to  use 
Preisach-based  models3,6  to  explain  observations  1  and  2 
summarized  above.1,2  Since  the  measured  minor  loops  are 
noncongruent,  the  classical  Preisach  model7  cannot  describe 
them.  In  order  to  characterize  noncongruent  minor  loops,  one 
has  to  use  a  magnetization-dependent  model,8  the  simplest  of 


which  is  the  moving  model.  However,  in  order  to  compute 
minor  loops  with  nonzero  slope  at  the  field  reversal  point,  the 
locally  reversible  magnetization  also  has  to  be  modeled. 
Since  the  observed  data  has  a  variable  slope  at  the  same 
applied  field,  the  model  must  have  a  magnetization- 
dependent  locally  reversible  magnetization,  such  as  the  DOK 
model6  and  the  CMH  models.3 

A.  The  moving  model 

The  moving  model  is  a  Preisach-based  magnetization- 
dependent  hysteresis  model  that  computes  the  irreversible 
component  of  the  magnetization  and  was  developed  based  on 
the  statistical  analysis  of  the  interaction  field  in  longitudinal 
media.  Using  U  and  V  to  denote  the  “up”  and  “down” 
switching  fields  and  a  to  denote  the  material-dependent 
moving  constant,  the  operative  Preisach  plane,  whose  axes 
are  the  operative  up  and  down  switching  fields  u  =  £/+  aM 
and  v=V+  aM ,  is  illustrated  in  Fig.  1.  The  active  region  of 
the  Preisach  plane  corresponding  to  the  cycling  between 
Hx<0  and  H2~0  for  an  initially  up  saturated  sample  is  illus¬ 
trated  by  the  cross-hatched  region  in  Fig.  1.  The  magnetiza¬ 
tion  of  all  the  other  regions  will  remain  unchanged  after  the 
first  traversal  of  the  minor  loop.  The  active  region  is  magne- 


V  «; 


FIG.  1.  Active  region  of  the  operative  Preisach  plane  corresponding  to  a 
cyclical  field  between  H\< 0,  H2=0.  The  initial  magnetization  state  is  up 
saturation. 
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tized  down  when  H~HX  and  it  is  magnetized  up  when 
H=H2 .  However,  since  the  moving  Preisach  hysterons  ex¬ 
perience  the  operative  field  h  —  H+  aM ,  the  active  region  in 
the  moving  model  will  be  bounded  by 

h^Hx  +  aMiHi),  h2  =  aM(H2),  (1) 

where  M{HX)  and  M(H2)  are  the  magnetizations  at  Hl  and 
H2 ,  respectively. 

The  state  of  hysterons  in  the  classical  Preisach  model  is 
independent  of  the  magnetization,  that  is,  since  H2  is  equal  to 
0,  for  any  value  of  the  applied  field  it  is  equal  to  H .  This 
means  that,  as  long  as  Hx< 0  and  H2=0 ,  the  triangular  ac¬ 
tively  switched  region  in  Fig.  1  encompasses  only  quadrant 
III  of  the  Preisach  plane.  Therefore,  the  classical  Preisach 
function  has  to  be  nonzero  in  this  quadrant  to  describe  ob¬ 
servations  1  and  2.  In  case  of  the  moving  model,  the  situation 
is  more  complex.  During  the  experimental  analysis  of  vari¬ 
ous  longitudinal  media  we  always  observed,  a> 0;  therefore, 
if  M(H2)> 0,  as  is  the  case  in  the  experimental  data 
presented,1,2  then  the  vertical  side  of  the  actively  switched 
triangular  region  lies  in  quadrant  I  of  the  Preisach  plane.  If 
then  hx <0  and  the  active  region  encom¬ 
passes  parts  of  quadrants  III,  IV,  and  I  of  the  operative  Prei¬ 
sach  plane,  as  illustrated  in  Fig.  1.  If  aM(Hx)  is  sufficiently 
large  so  that  hx>0,  then  the  active  region  may  be  entirely 
contained  in  quadrant  I.  In  summary,  the  location  of  the  ac¬ 
tively  switched  triangular  region  computed  by  the  moving 
model  depends  on  the  magnetization,  as  well.  Therefore,  it  is 
not  necessary  for  the  operative  Preisach  function  to  be  non¬ 
zero  outside  quadrant  IV  for  the  moving  model  to  describe 
observations  1  and  2.  Using  the  experimental  data2  one  can 
only  determine  that  M(HX)> 0  which  is  not  sufficient  to  de¬ 
cide  which  case  occurs  for  the  specific  samples.  However,  as 
discussed  below,  the  moving  model  is  generally  applicable  to 
characterize  all  possible  cases.  Thus 

M(h2)-M(hi)  =  2  j  j  p(u,v)dudv ,  (2) 

and  the  region  of  integration,  R ,  is  the  cross-hatched  trian¬ 
gular  region  illustrated  in  Fig.  1. 

The  above  Preisach  integrand  is  always  non-negative; 
therefore,  in  agreement  with  observation  1,  the  computed 
magnetization  increases  as  the  applied  negative  field,  Hx  is 
being  removed.  This  is  not  surprising,  since  one  expects  the 
susceptibility  to  increase  (decrease)  as  the  applied  field  in¬ 
creases  (decreases).  This  is  true  regardless  of  the  sign  of  the 
applied  field,  since  this  susceptibility  increases  (decreases) 
depending  on  only  the  relative  change  in  the  applied  field. 

When  the  applied  field  is  cycled  between  Hx  and  H2>  the 
change  in  the  irreversible  magnetization  is  partially  due  to 
switching  in  quadrants  I  and  III  of  the  operative  Preisach 
plane.  Thus,  the  nature  of  the  stable  minor  loop  is  dependent 
on  how  much  the  operative  Preisach  function  extends  into 
quadrants  I  and  III.  Therefore,  the  measured  nonzere  minor 
loop  area,2  also  called  the  eye,  is  due  to  the  relatively  large 
interaction  in  these  media. 

Minor  loops  computed  by  the  moving  model  for  increas¬ 
ing  values  of  corresponding  to  the  magnetizing  process 
+ tfsat,  Hx< 0,  H2= 0,  Hx< 0  are  shown  in  Fig.  2.  The  aim  of 


the  computations,  in  which  only  at  was  varied,  was  to  show 
that  the  moving  model  can  compute  minor  loops  with  a  non¬ 
zero  eye,  and  no  attempt  was  made  to  fit  the  measured  data 
presented  in  Ref.  2.  Although  the  moving  model  computes 
the  irreversible  magnetization  m,-  only,  it  is  seen  that  at 
H2  =  0  the  magnetization  of  the  descending  major  irrevers¬ 
ible  branch  decreases  as  cr,  increases.  This  is  due  to  the  in¬ 
creasing  apparent  reversible  contribution  of  quadrants  I  and 
III  of  the  operative  Preisach  plane  for  increasing  values  of 
crz- .  Although  the  apparent  reversible  contribution  causes  the 
magnetization  to  decrease  (increase)  when  a  positive  (nega¬ 
tive)  operative  field  is  being  removed,  it  is  different  from 
locally  reversible  contributions  in  which  no  energy  is  dissi¬ 
pated  during  the  process.9  The  computed  magnetization  at 
the  reversal  field,  H{ ,  decreases  as  increases,  which  is  due 
to  the  increasing  apparent  reversible  contribution  of  the  en¬ 
tire  quadrant  I  of  the  Preisach  plane.  However,  as  seen  in  the 
inset  in  Fig.  2,  the  slope  of  all  the  computed  minor  loops  is 
zero  at  the  turning  points,  which  is  a  property  of  all  Preisach- 
type  models.6  Since  the  measured  slopes  at  the  reversal 
points  are  not  zero,  an  accurate  model  of  the  observed  phe¬ 
nomena  must  include  the  locally  reversible  magnetization,  as 
well. 

B.  The  DOK  and  CMH  models 

The  DOK6  and  CMH3  models  are  seven-parameter  sca¬ 
lar  hysteresis  models  developed  for  medium  hard  materials 
that  add  a  state-dependent  reversible  magnetization  to  the 
moving  model.  Thus,  these  models  compute  both  the  irre¬ 
versible  and  the  state-dependent  locally  reversible  magneti¬ 
zation.  A  parametric  identification  method  of  the  models  was 
developed  and  verified  for  a  variety  of  recording  materials  in 
which  the  operative  Preisach  function  is  zero  outside  quad¬ 
rant  IV  of  the  Preisach  plane.3  Such  a  Preisach  function  is 
commonly  referred  to  as  a  IV  quadrant  Preisach  function. 

Minor  loops  computed  by  the  CMH  model  for  increasing 
values  of  corresponding  to  the  magnetizing  process 
+//sat,  Hx <0,  H2~ 0,  Hx<0  are  shown  in  Fig.  3.  It  is  noted 
that,  like  the  measured  data,2  the  computed  curves  include 
both  the  irreversible  and  the  locally  reversible  components  of 
the  magnetization.  It  is  seen  that,  in  agreement  with  experi- 


FIG.  2.  Minor  loops  computed  by  the  moving  model  for  increasing  values 
of  < Ti  corresponding  to  the  magnetizing  process  +Hsat ,  H2= 0, 

H{ <0.  The  inset  is  an  enlargement  of  the  computed  minor  loops. 
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FIG.  3.  Minor  loops  computed  by  the  CMH  model  for  increasing  values  of 
cry  corresponding  to  the  magnetizing  process  +//sat ,  Hx<0,  H 2=0,  H j<0 
(a).  The  inset  is  an  enlargement  of  the  computed  minor  loops. 

mental  results,  the  minor  loops  have  a  nonzero  slope  at  the 
reversal  points.  At  smaller  values  of  ,  a  larger  number  of 
hysterons  switch  from  the  down  state  to  the  up  state  as  the 
field  Hi  is  being  removed.  Therefore,  since  the  slope  of  the 
individual  hysteron  loops  is  greater  in  the  up  state  than  in  the 
down  state,  there  will  be  a  greater  increase  in  the  state- 
dependent  reversible  magnetization  resulting  in  a  larger  rela¬ 
tive  increase  in  magnetization  when  removing  the  field,  Hx. 
As  di  is  increased,  a  smaller  portion  of  the  hysterons  switch 
to  the  up  state  while  removing  Hx ;  therefore,  the  relative 
change  in  magnetization  decreases,  as  seen  in  the  inset  on 
Fig-  3. 

The  computed  minor  loop  area  for  increasing  values  of 
c j-  is  shown  in  Fig.  4.  It  is  seen  that,  for  small  interactions, 
since  the  Preisach  function  is  negligible  in  the  active  region 
illustrated  in  Fig.  1,  there  is  a  small  change  in  the  irreversible 
state  during  the  magnetizing  process.  Thus,  the  area  of  the 
minor  loop  will  also  be  small.  As  or,  increases,  the  actively 
switched  region  will  include  an  increasing  portion  of  the 
Preisach  function;  therefore,  the  area  will  increase.  At  even 
greater  values  of  cr, ,  a  considerable  portion  of  the  Preisach 
function  will  lie  outside  the  actively  switched  region;  there¬ 
fore,  after  reaching  a  peak,  the  area  of  the  minor  loop  will 
decrease.  It  is  noted  that  the  value  of  at  which  the  peak 
area  occurs  is  a  function  of  all  the  other  model  parameters,  as 
well  as  the  reversal  field,  H  x . 

III.  ACCOMMODATION  PHENOMENA 

Observation  3  shows  that,  as  the  applied  field  is  cycled 
between  Hx< 0  and  H2= 0,  the  magnetization  drifts  down 
and  the  minor  loop  closes  only  after  the  field  has  been  cycled 
a  sufficient  number  of  times,2  a  phenomenon  known  as  the 
accommodation  or  reptation.  As  discussed  in  the  MACH 
model,4  accommodation  is  due  to  the  interaction  between  the 
particles  that  comprise  the  medium.  Using  the  MACH  model 
it  has  been  shown  that,  in  agreement  with  measured  results,10 
the  measured  accommodation  is  due  to  the  change  in  the 
interaction  field  during  the  magnetizing  process.  In  agree¬ 
ment  with  observation  3,  the  MACH  model  computes  ac¬ 
commodating  minor  loops  that  approach  a  stable  limiting 
cycle.  The  model  also  shows  that,  for  the  magnetizing  pro¬ 


standard  deviation  in  interaction  field,  oit  as  a  percent  of  hci 

FIG.  4.  The  computed  area  of  minor  loops  for  increasing  values  of  crf-  using 
the  CMH  model. 

cess  used  to  obtain  observation  3,  the  magnetization  drifts 
down  at  each  cycle  until  the  minor  loop  stabilizes.  Using  the 
MACH  model,  it  can  also  be  shown  that,  if  the  reversible 
magnetization  is  negligible  then  the  accommodation  in  the 
minor  loop  is  driven  by  the  eye  of  the  minor  loop.  Thus,  for 
such  materials,  there  would  be  no  accommodation  if  the  eye 
in  the  minor  were  zero.  It  has  also  between  shown  that  the 
direction  of  the  magnetization  drift  is  dependent  on  the  re¬ 
versal  field,  Hx  and  that  the  amount  of  accommodation  can 
be  maximized  by  selecting  a  magnetizing  process  that  maxi¬ 
mizes  regions  and  i?4.  This  latter  property  of  the  model 
has  been  shown  to  be  important  when  identifying  the  param¬ 
eters  of  the  MACH  model.10 

IV.  CONCLUSIONS 

This  paper  gave  a  theoretical  explanation  of  recently  re¬ 
ported  experimental  hysteresis  data  by  O’ Grady  and 
Greaves1,2  performed  on  a  variety  of  thin  film  and  particulate 
recording  samples.  Using  recently  developed  hysteresis 
models,3  it  was  shown  that  the  nonzero  area  of  the  measured 
minor  loop  when  cycling  between  a  negative  field,  Hx  and 
zero  field,  H2>  is  due  to  hysterons  in  the  media  that  switch  to 
the  up  state  in  negative  field.  It  was  also  shown  that,  one 
does  expect  the  measured  magnetization  to  increase  while 
the  applied  field  is  increased  but  is  negative  throughout  the 
process,  since  a  change  in  the  magnetization  is  caused  by  a 
changing  field  regardless  of  its  sign.  Using  the  accommoda¬ 
tion  model,4  it  was  shown  that,  in  agreement  with  the  mea¬ 
sured  data,  when  cycling  the  applied  field,  the  computed 
magnetization  drifts  up  or  down  and  approaches  a  stable  mi¬ 
nor  loop.  The  direction  of  the  drift  depends  on  the  accom¬ 
modating  magnetizing  process. 
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of  the  rf  inductively  coupled  plasma  source  used  in  this  study  is  that  it  can  be  operated  reliably  for 
hundreds  of  hours  with  high  concentrations  of  hydrocarbon  gas.  We  have  studied  deposition  from 
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I.  INTRODUCTION 

It  has  been  estimated  that  the  head/media  separation  may 
be  as  little  as  20  nm  in  10  Gbit/in.2  disk  products1  which  are 
expected  to  be  in  production  in  the  next  five  to  ten  years. 
This  flying  height  puts  extraordinary  demands  on  the  wear, 
tribological,  and  electric  properties  of  the  protective  coating 
on  the  slider  and  head.  Diamond-like  carbon  (DLC)  films 
have  been  prepared  by  many  different  methods  and  the  prop¬ 
erties  vary  widely  depending  on  the  process  and  on  specific 
process  parameters.  Direct  ion  beam  deposition  from  low 
pressure  hydrocarbon-rich  atmospheres  has  been  found  to 
produce  films  with  properties  suitable  for  this  application.2 
This  article  reports,  for  the  first  time,  direct  ion  beam  depo¬ 
sition  of  DLC  films  from  a  filamentless  rf  ion  source.  One 
advantage  of  the  rf  inductively  coupled  plasma  source  used 
for  this  study  is  that  it  can  be  operated  reliably  for  hundreds 
of  hours  with  high  concentrations  of  hydrocarbon  gas.  In  this 
paper  we  report  on  the  effects  of  varying  the  fraction  of 
argon  in  the  hydrocarbon  gas  mixture  used  in  the  gun  on  the 
rate  and  film  properties.  We  have  also  studied  the  influence 
of  ion  energy. 

II.  EXPERIMENTAL  PROCEDURE 

The  vacuum  chamber  used  for  deposition  of  the  DLC 
films  is  equipped  with  a  Veeco  RIM  210  rf  inductively 
coupled  plasma  (ICP)  ion  source  and  a  1000  //s  turbo  pump. 
The  base  pressure  of  the  system  prior  to  deposition  was  less 
than  2X10“6  Torr.  Substrates  of  Si  and  Si02  were  cleaned 
prior  to  deposition  by  immersion  in  acetone,  spray-rinsed 
with  acetone,  then  with  methanol,  and  blown  dry.  The  sub¬ 
strates  were  mounted  on  a  helium  gas  cooled  wafer  stage 
which  was  oriented  during  deposition  so  that  the  ion  beam  is 
normal  to  the  substrate  surface.  A  Kapton  tape  mask  was  put 
on  each  wafer  to  provide  a  step  for  thickness  measurements. 
After  the  system  reached  base  pressure  the  substrates  were 


precleaned  for  20  s  with  a  300  mA  argon  ion  beam  at  750  eV. 
The  substrate  holder  was  rotated  during  ion  cleaning  and 
deposition. 

The  deposition  rate  was  determined  by  measuring  the 
film  thickness  at  a  masked  step  using  a  Dektak,  DT3  surface 
profiler.  Film  stress  was  determined  from  the  curvature  of  the 
Si  substrate  after  deposition,  measured  using  the  Dektak  in  a 
broad  scan.  Vickers  microhardness  measurements  were  made 
on  selected  films  on  Si.  The  films  on  Si  were  also  used  for 
x-ray  photoemission  spectra  (XPS).  The  index  of  refraction 
(n)  of  the  films  on  Si02  were  measured  on  a  Nanospec  Mi¬ 
crospectrophotometer.  A  Rudolph  Research  ellipsometer  was 
used  to  get  the  index  of  films  on  Si.  Optical  absorption  was 
also  measured  on  a  few  films  on  Si02. 

III.  ION  SOURCE 

The  RIM-210  ion  source  used  in  this  study  is  briefly 
described  as  follows.  A  rf  plasma  is  generated  by  a  helical  if 
coil  external  to  the  quartz  plasma  chamber  and  is  operated  at 
1.8  MHz.  The  180-mm  diameter  ion  beam  is  extracted  from 
the  plasma  by  a  three  grid  set  of  ion  optics  fabricated  from 
molybdenum.  The  inductively  coupled  plasma  has  been 
shown  to  provide  a  very  uniform  ion  beam  for  etching.3 

We  have  studied  deposition  from  CH4-argon  mixtures 
with  28%  to  100%  CH4  and  beam  energies  of  100,  200,  300, 
and  400  eV.  In  these  experiments,  the  gas  flow  rate  was  held 
constant  at  20  seem  and  the  beam  current  was  250  mA.  Un¬ 
der  these  conditions  the  pressure  in  the  chamber  was  3  to 
4X 10”4  Torr.  A  few  experiments  were  carried  out  with  beam 
energies  of  50  and  100  eV  and  150-mA  beam  current  and 
flow  rates  of  6  to  10  seem  as  noted  below. 

IV.  RESULTS 

Qualitatively  hard,  scratch  resistant,  transparent  films 
typical  of  DLC  were  deposited  by  this  process.  The  refrac- 
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ch4%  ch4% 

FIG.  1.  Dependence  of  deposition  rate  on  CH4  percent  with  beam  energies 

in  the  range  100  to  400  eV.  The  beam  current  was  250  mA  and  the  gas  flow  FIG.  3.  Hardness  vs  CH4  percent  with  various  beam  voltages.  The  trend  line 
rate  was  fixed  at  20  seem  for  these  experiments.  is  for  the  200-eV  data. 


tive  index  of  the  films  is  relatively  high,  typically  about  1.8  energy  up  to  1000  eV.  The  lines  are  logarithmic  fits  to  the 

to  2.0  as  measured  by  both  ellipsometry  and  Nanospec  meth-  data  to  show  the  trends.  Figure  3  shows  the  hardness  relative 

ods.  Films  about  100-nm  thick  show  90%  transmission  at  a  to  the  hardness  of  the  Si  substrate  plotted  against  the  CH4 

wavelength  of  500  nm.  percent  in  the  gas  mixture  for  films  prepared  with  various 

The  dependence  of  the  deposition  rate  on  CH4  percent-  beam  energies.  The  microhardness  was  measured  with  a  10- 

age  and  beam  energy  are  shown  in  Fig.  1.  The  rate  decreases  gram  load,  the  lowest  available  load  on  our  Vickers  instru- 

with  decreasing  CH4  percent  from  about  30  nm/min  at  100%  ment.  Measurements  of  the  hardness  of  films  are  difficult  in 

CH4  to  about  zero  at  28%.  These  rates  were  measured  on  Si  this  thickness  and  hardness  range.4  The  film  was  always  ex¬ 
substrates  but  the  rates  on  Si02  were  the  same  within  experi-  tensively  cracked  and  spalled  in  the  region  of  the  indent  so 

mental  error.  The  deposition  rate  is  only  weakly  dependent  the  measured  indent  was  actually  in  the  silicon  substrate.  The 

on  beam  energy  in  this  series  of  experiments  with  constant  penetration  of  the  indenter  was  greater  than  the  film  thick- 

beam  current.  No  clear  trend  with  beam  energy  is  seen  in  this  ness  so  the  hardness  was  corrected  for  the  fact  that  only  part 

data.  The  deposition  rate  of  samples  prepared  with  a  beam  of  the  area  of  the  indenter  is  pushing  on  the  DLC  film.  The 

current  of  150  mA  was  in  the  3  to  10  nm/min  range.  measured  thickness  of  the  film  and  the  geometry  of  the  in- 

Figure  2  shows  stress  and  hardness  as  a  function  of  beam  denter  were  used  to  calculate  the  area  of  the  indenter  in  con- 


0  250  500  750  1000 


Beam  Energy  (V)  Pita  Stress  (dyne/cm1) 

FIG.  2.  Dependence  of  relative  film  hardness  and  stress  on  beam  energy  for  FIG.  4.  The  dependence  of  hardness  on  film  stress  for  samples  prepared  at 
samples  prepared  with  pure  CH4.  200  eV,  250  mA,  and  20  seem  with  various  argon-CH4  mixtures. 
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Valence  Band  Photoelectron  Spectra  for  Dlamond-LIke  Coatings 


FIG.  5.  The  valence  band  photoelectron  spectra  of  four  DLC  films  prepared 
under  different  conditions.  The  spectra  were  taken  using  Mg  K  a  radiation 
{1253.6  eV)  with  a  hemispherical  analyzer  having  a  20-eV  pass  energy. 

tact  with  DLC  and  the  corrected  hardness.  The  measured 
hardness,  therefore,  is  reported  relative  to  the  hardness  mea¬ 
sured  on  the  Si  substrate  to  show  trends  with  processing 
conditions.  The  dependence  of  microhardness  on  film  stress 
is  shown  in  Fig.  4.  Hardness  and  film  stress  appear  to  be 
strongly  correlated. 

Samples  analyzed  by  XPS  show  less  sp 3  (diamond-like) 
bonding  when  prepared  from  100%  CH4  than  from  gas  mix¬ 
tures  with  argon.  The  XPS  spectra  of  four  DLC  films  pre¬ 
pared  under  different  conditions  are  shown  in  Fig.  5.  High 
levels  of  sp3  bonding  indicative  of  the  diamond-like  struc¬ 
ture  were  observed  in  general.  The  sample  prepared  with 
pure  CH4  has  significantly  less  sp 3  bonding  than  the  samples 
prepared  with  argon-CH4  mixtures.  Among  the  samples  pre¬ 
pared  with  argon-CH4  mixtures,  the  100-eV  sample  has 
slightly  less  sp 3  character  than  the  400-  and  150-eV  samples. 
On  the  other  hand,  the  it  bonding  peak  appears  to  be  weaker 
in  the  100-  and  150-eV  samples  as  indicated  by  the  height  of 
the  low  energy  peak  labeled  i t  bonding.  The  sample  prepared 
with  an  argon-CH4  mixture  at  150  eV  shows  both  a  strong 
sp 3  diamond-like  peak  and  a  weak  sp2  graphitic  peak. 

V.  DISCUSSION  AND  CONCLUSIONS 

This  paper,  for  the  first  time,  reports  ion  beam  deposition 
of  diamond-like  carbon  films  from  a  rf  ion  source.  The  films 
have  a  high  sp 3  fraction,  refractive  index  of  up  to  2.0,  and 
are  highly  transparent.  Although  we  were  not  able  to  obtain 


accurate  absolute  hardness  values  with  our  equipment,  we 
were  able  to  show  that  the  hardness  is  several  times  greater 
than  that  of  the  Si  substrate.  These  properties  show  that  DLC 
films  prepared  by  rf  ion  beam  deposition  are  suitable  for 
coating  heads  and  sliders. 

DLC  consists  of  an  amorphous  network  of  covalently 
bonded  carbon  with  a  mixture  of  sp3  and  sp 2  bonding.4  The 
understanding  of  the  relationship  between  processing  condi¬ 
tions  and  the  formation  of  sp3  bonds  has  been  advanced  by 
recent  models.5,6  According  to  these  models  sp3  bonds  form 
when  carbon  atoms  are  forced  into  close  proximity  either  by 
direct  implantation  of  a  carbon  atom  into  the  carbon  network 
or  by  a  knock-on  process.  This  suggests  a  possible  beneficial 
role  of  argon  bombardment,  that  is  the  generation  of  addi¬ 
tional  knock-ons  by  argon  ion  impact.  Another  feature  of  the 
model  is  the  effect  of  the  “thermal  spike”  associated  with  the 
damage  track  along  the  ions  implantation  path.  The  intersti¬ 
tials  and  knock-ons  form,  for  the  most  part,  at  the  end  of  the 
implantation  track.  The  track  itself  is  treated  as  a  region 
which  has  been  thermally  relaxed  by  the  thermal  spike.  Since 
the  sp3  bonded  regions  are  metastable  at  low  pressures  the 
thermal  spike  promotes  the  formation  of  the  more  stable  sp2 
bonds.  According  to  this  model  the  optimum  energy  for  high 
sp3  bond  fraction  is  between  100  and  200  eV.  We  do  not 
observe  a  major  difference  in  sp3  bond  fraction  between  150 
and  400  eV;  however,  more  sp 2  bond  character  is  seen  at  the 
high  beam  energy.  This  model  and  others  also  predict  a  cor¬ 
relation  of  high  sp 3  bond  fraction  with  high  compressive 
stress5  which  we  observe. 
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Nanoindentation  study  of  the  mechanical  properties  of  metal  evaporated 
magnetic  tapes 
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Nanoindentation  techniques  have  been  used  to  examine  hardness  (//),  Young’s  modulus  ( E ),  and 
strain  rate  sensitivity  (m)  in  three  types  of  commercial  unaged  and  aged  metal  evaporated  (ME) 
magnetic  tapes.  The  aged  tape  samples  were  aged  at  75  °C  for  60  weeks  at  5%  and  90%  humidity. 

The  hardness  of  the  ME  layer  can  be  determined  at  a  depth  of  30-50  nm,  but  for  deeper  penetrations 
the  hardness  value  is  increasingly  affected  by  the  soft  polymer  substrate.  H  and  E  are  essentially  the 
same  for  the  unaged  samples  and  the  samples  aged  at  5%  humidity  but  greatly  decreased  for  the 
tapes  aged  at  90%  humidity.  The  creep  behavior  (the  time-dependent  deformation)  of  these  tapes 
was  also  characterized  for  the  first  time  using  the  nanoindenter.  Strain  rate  sensitivity  increases  with 
maximum  applied  load.  On  the  other  hand,  a  decrease  in  the  strain  rate  sensitivity  is  observed  for 
the  tapes  aged  at  5%  humidity.  For  the  tapes  aged  at  90%  humidity  it  is  very  difficult  to  obtain  the 
strain  rate  sensitivity  due  to  the  excessive  brittleness  of  the  samples.  Nanoindentation  creep 
measurements  appear  to  be  quite  sensitive  to  the  degradation  of  ME  tape  caused  by  adverse 
environmental  conditions.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  1 1108-6] 


1.  INTRODUCTION 

Metal  evaporated  (ME)  magnetic  tape  is  a  most  promis¬ 
ing  candidate  for  high-density  audio/video  recording,  espe¬ 
cially  for  small  cassette  digital  video  tape  recorders 
(SCD-VTR).1,2  With  ever  increasing  magnetic  recording 
densities  the  flying  heights  will  be  reduced  to  near  zero. 
Therefore,  wear  and  friction  problems  for  both  head  and  me¬ 
dium  have  to  be  minimized  to  meet  durability  requirements. 
The  hardness  ( H ),  Young’s  modulus  ( E ),  and  strain  rate  sen¬ 
sitivity  (m)  of  magnetic  tapes  are  important  mechanical 
properties  related  to  the  wear  and  friction  of  the  head / 
medium  interface.  Nanoindentation  has  been  successfully 
used  to  determine  the  hardness  and  elastic  modulus  of  thin 
films  and  coatings.3,4  More  recently,  this  technique  has  been 
employed  to  characterize  the  time  dependent  properties  of 
thin  films  and  to  determine  their  strain  rate  sensitivity.4,5  In 
this  work,  nanoindentation  techniques  are  employed  to  char¬ 
acterize  the  mechanical  properties  of  ME  tapes.  Preliminary 
results  obtained  using  a  newly  developed  approach4,5  to  the 
strain  rate  sensitivity  of  thin  films  are  reported  in  this  article. 

II.  EXPERIMENT 

Three  kinds  of  commercial  ME  tapes  labeled  as  Tape  1, 

2,  and  3  obtained  from  the  National  Media  Laboratory 
(NML)  were  studied.  The  tapes  consist  of  a  polymer  sub¬ 
strate  with  a  thickness  of  10  fim  and  a  magnetic  metal  layer 
which  is  about  150  nm  without  an  overcoat.  Because  the 
effect  of  adverse  environmental  conditions  on  the  durability 
of  the  ME  tapes  is  always  a  major  concern  in  practical  ap¬ 
plications,  we  also  examined  the  aging  effects  of  temperature 
and  humidity  on  the  mechanical  properties  of  these  ME 
tapes.  For  this  purpose,  several  pieces  of  the  tape  samples 
were  aged  at  75  °C  with  5%  and  90%  humidity  for  60  weeks. 
Then,  both  unaged  and  aged  samples  were  characterized  us¬ 
ing  a  Nano  Indenter®  II  Mechanical  Properties  Microprobe 
(Nano  Instruments,  Inc.  Oak  Ridge,  TN). 


Nanoindentation  experiments  were  carried  out  with  two 
different  methods.  For  H  and  E  measurements,  a  constant 
displacement  loading  approach  was  used.  The  H  and  E  were 
determined  at  six  indenter  penetration  depths:  30,  40,  50,  60, 
80,  and  120  nm,  with  indenter  descent  rates  from  3  to  10 
nm/s  depending  upon  the  maximum  depths.  A  6X6  matrix 
indentation  configuration  with  a  50  fim  spacing  was  used  for 
H  and  E  evaluation.  In  the  indentation  creep  test  a  constant 
load  loading  segment  and  a  long  time  hold  are  employed  for 
characterization  of  the  strain  rate  sensitivity.  In  this  experi¬ 
ment,  the  maximum  loads  used  are  0.05,  0.1,  0.2,  and  0.3 
mN  and  the  loading  rate  is  10  fi N/s.  A  600  s  hold  was  used 
in  this  work.  All  the  indentation  tests  were  performed  at 
room  temperature. 

The  strain  rate  sensitivity  was  calculated  using  the  data 
collected  in  the  long  time  hold  segment  after  loading.  The 
elastic  contribution  has  to  be  eliminated  from  the  total  dis¬ 
placement;  only  plastic  deformation  is  considered  in  this 
work.  2500-3000  data  points  were  collected  in  the  hold  seg¬ 
ment.  They  were  divided  into  about  40  groups.  For  each 
group  the  slope  of  a  linear  fitting  line  and  an  averaged  depth 
were  calculated.  The  stress  for  a  given  indentation  plastic 
depth  is  defined  as  <r=P/A,  in  which  P  is  the  maximum  load 
and  A  is  the  indenter  projected  area  corresponding  to  the 
averaged  plastic  depth  and  can  be  calculated  with  the  in¬ 
denter  tip  area  function  determined  by  calibration  experi¬ 
ments.  The  strain  rate  (i)  is  defined  as  the  plastic  descent 
rate  divided  by  the  plastic  indentation  depth  h ,  e=(l/h)(dh/ 
dt).  Thus,  strain  rate  sensitivity  (m)  is  obtained  from  the 
slope  of  a  log-log  plot  for  the  creep  equation,  c r=C(e)m.5 

III.  RESULTS  AND  DISCUSSION 

The  results  of  the  nanoindentation  hardness  and  Young’s 
modulus  measurements  for  the  three  ME  tapes  are  shown  in 
Fig.  1-3.  The  apparent  hardness  of  the  metal  layer  can  be 
determined  at  a  depth  of  30-50  nm  but  for  deeper  penetra¬ 
tions  the  hardness  value  will  be  affected  by  the  soft  polymer 
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FIG.  1.  Hardness  and  Young’s  modulus  of  the  three  unaged  ME  tapes. 

substrate  which  has  a  hardness  of  0.5  GPa  and  Young’s 
modulus  of  5  GPa.  The  hardnesses  of  the  metal  layers  of  the 
three  unaged  tapes  are  —3.0,  —2.4,  and  —2.0  GPa,  and  the 
Young’s  moduli  are  15,  13.5,  and  13.5  GPa.  The  hardnesses 
and  Young’s  moduli  are  essentially  the  same  for  the  unaged 
samples  and  the  samples  aged  at  5%  humidity  but  greatly 
decreased  for  the  tapes  aged  at  90%  humidity.  The  hardness 
values  obtained  in  this  test  may  not  be  the  inherent  hardness 
of  the  metallic  layers  of  the  tapes  because  the  metal  layer  is 
very  thin.  The  measurement  of  the  inherent  hardness  of  the 
magnetic  layer  on  the  polymer  substrate  is  one  of  the  sub¬ 
jects  of  our  continuing  research.  In  addition,  the  soft  sub¬ 
strate  effect  on  the  elastic  modulus  is  greater  than  on  the 
hardness  as  we  have  reported  before.6 

A  typical  time  dependent  deformation  experiment  is 
shown  in  Fig.  4.  This  figure  illustrates  the  indentation  plastic 
depth  as  a  function  of  time  under  two  different  maximum 
initial  load.  It  can  be  seen  that  the  deformation  behavior 
depends  on  the  maximum  initial  load.  The  effect  of  aging  at 
75  °C  and  5%  humidity  on  the  deformation  is  also  shown  in 
the  figure.  It  is  obvious  that  aging  at  75  °C  and  5%  humidity 
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FIG.  2.  Hardness  and  Young’s  modulus  of  the  three  ME  tapes  aged  at  75  °C 
and  5%  humidity. 


FIG.  3.  Hardness  and  Young’s  modulus  of  the  two  ME  tapes  aged  at  75  °C 
and  90%  humidity. 

for  60  weeks  makes  these  tapes  much  less  deformable.  This 
deformation  capacity  can  be  quantified  by  the  strain  rate  sen¬ 
sitivity.  An  example  of  the  log(strain  rate)  versus  log(stress) 
plots  from  which  the  strain  rate  sensitivity  is  obtained  by  a 
linear  fit  is  given  in  Fig.  5.  The  strain  rate  sensitivity  of  the 
unaged  and  aged  ME  tapes  as  a  function  of  load  are  summa¬ 
rized  in  Fig.  6.  The  strain  rate  sensitivity  of  these  ME  tapes  is 
strongly  dependent  on  the  initial  loads.  Increasing  the  maxi¬ 
mum  initial  load  increases  the  strain  rate  sensitivity.  On  the 
other  hand,  a  decrease  in  the  strain  rate  sensitivity  is  ob¬ 
served  on  aging.  Aging  generally  shifts  the  load  required  for 
a  given  m  to  higher  values.  This  is  consistent  with  the  poly¬ 
mer  substrate  becoming  more  brittle  and  less  deformable  on 
aging.  Because  the  properties  of  the  metal  layer  and  the  poly¬ 
mer  substrate  of  a  ME  tape  are  very  different  the  change  in 
strain  rate  sensitivity  with  load  probably  indicates  the  differ¬ 
ent  responses  from  the  two  different  materials.  The  polyeth¬ 
ylene  terephthalate  (PET)  polymer  substrate  (. H  is  0.5  GPa 
and  E  is  5  GPa)  is  definitely  superplastic.  As  can  be  seen  in 
Fig.  7,  even  measured  at  a  very  low  load  such  as  0.05  mN  its 
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FIG.  4.  The  indentation  plastic  depth  as  a  function  of  the  holding  time  for 
tape  1  (aging  conditions:  75  °C  and  5%  humidity). 
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FIG.  5.  Stress-strain  rate  for  tape  3  aged  at  5%  humidity. 


strain  rate  sensitivity  is  almost  unity.  According  to  the 
literature,4  if  the  strain  rate  sensitivity  of  a  given  material  is 
equal  to  or  greater  than  0.4,  the  material  exhibits  superplastic 
behavior  and  is  capable  of  elongations  of  100%-5000%.  In 
this  study,  loads  >0.1  mN  result  in  ra>0.4  for  unaged 
samples.  Therefore,  it  can  be  concluded  that  the  time  depen¬ 
dent  deformation  behavior  of  the  metal  layer  of  the  ME  tapes 
will  be  affected  by  the  soft  polymer  substrate  if  the  maxi¬ 
mum  initial  load  is  above  a  certain  load.  In  other  words,  the 
superplastic  behavior  above  a  certain  load  reflects  the  re- 


FIG.  6.  Strain  rate  sensitivity  as  a  function  of  load  for  ME  tapes. 


FIG.  7.  Stress  vs  strain  rate  curves  for  the  polymer  substrate. 

sponse  from  the  polymer  substrate  rather  than  from  the  metal 
layers. 

IV.  CONCLUSIONS 

The  mechanical  properties  of  three  kinds  of  commercial 
ME  tapes  were  characterized  using  nanoindentation  tech¬ 
niques.  The  hardness  of  the  metal  layers  can  be  measured  at 
30-50  nm  penetration  depths.  Aging  is  expected  to  make  the 
tapes  more  brittle  even  at  75  °C  and  5%  humidity.  However, 
this  property  change  is  not  sensitively  detected  by  the  hard¬ 
ness  tests.  Hardness  and  elastic  modulus  were  found  essen¬ 
tially  the  same  for  the  unaged  samples  and  the  samples  aged 
at  5%  humidity.  However,  nanoindentation  creep  measure¬ 
ments  appear  to  be  quite  sensitive  to  the  degradation  of  ME 
tape  caused  by  even  mildly  adverse  environmental  condi¬ 
tions.  A  clear  decrease  in  the  strain  rate  sensitivity  is  ob¬ 
served  for  the  tapes  aged  at  75  °C  and  5%  humidity. 
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The  wear  performance  of  pure  carbon  and  carbon  nitrogen  (C:N)  coated  thin  film  head  sliders  was 
evaluated  by  continuous  drag  testing  (CDT).  Comparison  was  made  in  light  of  protection  of  these 
two  various  carbon  films.  By  studying  the  air  bearing  surfaces  of  the  heads  under  atomic  force 
microscopy  (AFM)  and  secondary  electron  microscopy  (SEM),  it  was  found  that  during  the  CDT 
test,  the  head  may  fail  before  the  disk  fails  and  the  area  of  A1203  is  the  most  possible  place  where 
wear  begins.  There  were  small  amounts  of  material  transferred  from  head  slider  to  disk,  although  no 
evidence  of  opposite  transfer  was  found.  ©  1996  American  Institute  of  Physics. 

[S0021-8979(96)  11208-2] 


I.  INTRODUCTION 

Increasing  the  amount  of  information  that  can  be  stored 
in  a  thin  magnetic  film  is  one  of  the  key  technological  chal¬ 
lenges  facing  the  data  storage  industry.  The  areal  recording 
density  of  stored  information  in  today’s  state-of-the-art  disk 
drive  products  is  typically  a  few  hundred  megabits  per 
square  inch.  Over  the  next  decade,  the  data  storage  industry 
expects  to  increase  this  areal  recording  density  by  at  least  an 
order  of  magnitude,  reaching  several  gigabits  per  square 
inch.  To  achieve  this  dramatic  increase,  the  current  flying 
height  will  need  to  be  substantially  decreased.  Reducing  the 
separation  distance  between  the  head  slider  and  disk  surfaces 
will  place  even  more  extreme  tribological  demands  on  the 
hard  carbon  overcoats.  It  has  been  demonstrated  that  a  sig¬ 
nificant  improvement  in  wear  performance  of  the  head-disk 
interface  can  be  obtained  by  coating  thin  film  head  sliders 
with  a  carbon  thin  film.1"3  However,  the  role  of  a  carbon  film 
remains  unanswered.  The  purpose  of  this  article  is  to  present 
the  results  of  atomic  force  microscopy  (AFM)  and  secondary 
electron  microscopy  (SEM)  mapping  studies  of  the  air  bear¬ 
ing  surface  of  head  sliders  uncoated  and  coated  with  pure 
carbon  and  carbon  nitrogen  after  continuous  drag  testing. 
The  possible  mechanisms  of  the  wear  performance  enhance¬ 
ments  is  explored. 

II.  EXPERIMENTAL  PROCEDURES 

The  pure  carbon  and  carbon  nitrogen  thin  films  were 
deposited  on  head  sliders  using  a  facing  target  sputtering 
(FTS)  system  which  had  a  background  pressure  less  than 
5X10"7  Torr.  The  pure  argon,  or  argon-nitrogen  gas  mixture 
(40%-N2)  was  used  as  the  sputtering  gas.  The  resulting  car¬ 
bon  nitrogen  film  has  a  22  at.  %  nitrogen  which  was  deter¬ 
mined  by  Auger  electron  spectroscopy  (AES).  No  adhesion 
layer  was  deposited  under  the  carbon  coatings.  Continuous 
drag  tests  (CDT)  were  conducted  with  50%  Al203-TiC  type 
thin  film  head  sliders  having  a  normal  load  of  4  gms  dragged 


on  3.5"  unlubricated  (H:C)-coated  commercial  disks.  The  ra¬ 
dius  at  which  to  perform  the  CDT  tests  was  chosen  to  be  1" 
on  the  3.5"  disks.  The  linear  velocity  was  fixed  at  26.60  cm/s. 
The  average  kinetic  friction  was  measured  every  500  revo¬ 
lutions  at  a  speed  of  0.1  rpm  for  one  complete  revolution. 
After  the  test  was  terminated,  the  head  slider  air  bearing 
surfaces  were  carefully  studied  using  AFM  and  SEM,  and 
images  of  the  most  severe  wear  damage  were  taken  for  each 
sample. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  a  comparison  of  the  friction  versus  the 
number  of  revolutions  for  the  cases  of  an  uncoated  slider  and 
sliders  coated  with  90  A  of  FTS  sputtered  pure  carbon  and 
carbon  nitrogen.  After  a  total  of  23  000  revolutions  in  each 
CDT  test,  only  that  disk  paired  with  an  uncoated  head  exhib¬ 
ited  any  visible  wear  marks  which  indicate  that  the  head- 
disk  interface  had  failed  at  this  point.  The  SEM  micrograph 
of  the  disk  surface  around  the  wear  track  associated  with 
wear  testing  with  the  uncoated  head  was  shown  in  Fig.  2.  For 
comparison  purposes,  we  note  that  the  coefficient  of  kinetic 
friction  versus  the  number  of  revolutions  increases  rapidly 


FIG.  1.  The  coefficient  of  friction  vs  number  of  revolutions  with  and  with- 
out  carbon  coating  on  sliders. 
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from  0.12  initially  to  about  0.7  at  23  000  revolutions  for  the 
head  slider  which  was  uncoated.  On  the  other  hand,  the  ki¬ 
netic  friction  coefficient  of  the  head  coated  with  90  A  pure 
carbon  increases  from  0.1  initially  to  0.5  at  15  000  revolu¬ 
tions  and  remained  constant,  whereas  that  for  the  head  coated 
with  90  A  carbon  nitrogen  increases  from  0.1  to  a  constant 
value  of  0.45. 

Upon  completing  the  CDT  tests,  the  head  surfaces  were 
observed  using  AFM  and  SEM  and  the  resulting  micrographs 
are  shown  in  Figs.  3  and  4.  In  Fig.  3,  all  of  the  three  testing 
heads  exhibited  some  degree  of  wear  damage  where  that  of 
the  uncoated  head  was  the  most  severe  and  that  of  the  carbon 
nitrogen  coated  head  was  the  least.  This  is  in  agreement  with 
the  studies  of  Tomg  et  al4  and  Yeh  et  al5  which  showed  that 
carbon  nitrogen  has  more  sp 3  bonding  and  better  wear  per¬ 
formance  than  pure  carbon.  Figure  4  shows  the  SEM  map¬ 
ping  results  of  the  uncoated  head  surface,  in  which  Al,  Ti, 
and  Cr  were  mapped.  We  see  that  there  are  a  lot  of  wear 
particles  on  the  air  bearing  surface  [as  shown  in  Fig.  4(a)], 
TiC  was  well  separated  from  A1203  and  no  Cr  was  found. 


FIG.  4.  The  SEM  mapping  results  of  the  uncoated  head  surface:  (a)  corre¬ 
sponding  secondary  electron  image;  (b)  Al  distribution;  (c)  Ti  distribution; 
(d)  Cr  distribution.  The  scale  bar  is  5.00  fjm. 


Energy  (xlOOO  eV) 


FIG.  5.  The  EDX  spectrum  of  the  uncoated  head  surface  after  CDT  test. 


FIG.  3.  The  AFM  images  of  the  air  bearing  surfaces  of  (a)  uncoated,  (b) 

pure  carbon,  and  (c)  carbon  nitrogen  coated  head  sliders  after  23  000  revo-  FIG.  6.  The  EDX  spectrum  of  the  disk  surface  around  wear  track  after  CDT 
lutions  of  CDT  test  runs.  test. 
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Figure  5  shows  a  typical  energy-dispersive  x-ray  (EDX) 
spectrum  of  the  testing  head  air  bearing  surfaces.  Only  A1 
had  been  detected  from  the  wear  particle  which  means  that 
they  were  mainly  composed  of  A1  and  came  from  the  slider 
itself.  In  all  cases  being  studied,  there  was  no  evidence  that 
Cr  was  transferred  to  the  sliders.  On  the  other  hand,  A1  and 
Ti  (as  shown  in  Fig.  6)  particles  were  found  on  the  surface 
around  the  wear  track  of  the  disk  paired  with  the  uncoated 
head  slider. 

Comparing  Fig.  2  with  Fig.  4(a),  we  note  that  the  wear 
damage  of  the  disk  was  less  severe  than  that  of  the  head.  We 
also  found  that  by  dragging  an  uncoated  head  slider  on  a  disk 
for  12  000  revolutions,  although  there  was  no  visible  wear 
marks  on  the  disk  surface,  the  head  exhibited  wear  features 
under  both  AFM  and  SEM. 

In  summation,  we  can  say  that  during  the  CDT  test,  the 
head  may  fail  before  the  disk  fails  and  the  area  of  A1203  is 
the  most  possible  place  where  wear  begins.  Since  the  A1203 
is  relatively  softer  than  TiC,  this  conclusion  is  not  unreason¬ 
able.  Both  the  pure  carbon  and  carbon  nitrogen  behave  like  a 


protective  coating  for  the  head  slider  where  the  carbon  nitro¬ 
gen  is  better  than  the  pure  carbon  in  light  of  the  protection. 

IV.  CONCLUSION 

Both  FTS  sputtered  pure  carbon  and  carbon  nitrogen 
films  can  protect  head  slider  from  wear  failure  to  some  extent 
during  CDT  tests  and  carbon  nitrogen  is  better  than  pure 
carbon.  In  CDT  tests,  the  head  may  fail  before  the  disk  fails 
and  the  area  of  A1203  is  the  most  possible  place  where  wear 
begins. 


1  Grill,  C.  T.  Homg,  B.  S.  Meyerson,  V.  V,  Patel,  and  M.  A.  Russack,  US 
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Transient  response  of  ultralow  flying  sliders  over  contaminated 
and  textured  surfaces 
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The  transient  flying  dynamics  of  positive  and  negative  pressure  sliders  over  nonsmooth  surfaces 
were  investigated.  Surface  roughness  was  modeled  by  variously  oriented  sinusoidal  waves,  and 
contaminated  surfaces  were  modeled  as  series  of  asperities  and  pits.  A  finite  element  algorithm  was 
used  which  incorporates  a  generalized  form  of  the  Reynolds  equation  based  upon  the  linearized 
Boltzmann  equation.  A  new  kinetic  equation  descriptive  of  ultralow  flying  was  also  discussed. 
Spectral  analysis  using  fast  Fourier  transformation  was  adopted  to  explore  the  transient  behavior  of 
sliders  in  the  frequency  domain.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)11308-9] 


I.  INTRODUCTION 

In  the  magnetic  storage  industry,  higher  information 
storage  densities  are  achieved  by  reducing  the  slider-disk 
separation.  At  ultralow  flying  heights,  the  effect  of  surface 
topography  on  transient  slider  dynamics  becomes  a  critical 
issue  in  the  dynamic  stability  due  to  the  increase  in  the  risk 
of  detrimental  slider-disk  collisions. 

Surface  roughness  effects  have  been  previously  studied 
either  experimentally,1  numerically,2-4  or  semianalytically.5,6 
Most  of  the  previous  investigations  focused  on  IBM  3370 
positive  pressure  sliders  and  utilized  the  first-order  modified 
Reynolds  equation.  In  this  paper,  we  simulated  positive  and 
negative  pressure  “bow  tie”  shaped  sliders7  over  various  sur¬ 
face  topographies  and  disk  defects  using  a  finite  element  al¬ 
gorithm.  As  a  new  methodology  to  analyze  transient  dynamic 
behavior  of  sliders,  spectral  analysis  was  introduced  using 
fast  Fourier  transformation  (FFT)  into  a  time-dependent  tran¬ 
sient  simulation  code. 


II.  MATHEMATICAL  MODELING  OF  THE  HEAD-DISK 
INTERFACE  (HDI) 

Bow  tie  shaped  positive  and  negative  pressure  sliders, 
shown  in  Fig.  1(a),  were  introduced  to  simulate  ultralow  fly¬ 
ing  slider  dynamics  over  rough  surfaces.  These  sliders  are 
meant  to  serve  as  an  illustrative  example  for  nonrectangular 
shaped  rail  geometry,  even  though  they  may  not  be  feasible 
for  operational  use.  The  negative  pressure  bow  tie  slider  has 
the  same  configuration  as  the  positive  one  with  the  addition 
of  a  cross  rail  between  the  side  rails,  which  generates  a  suc¬ 
tion  force. 

Sinusoidal  roughness  of  several  amplitudes  oriented  in 
various  directions  relative  to  the  slider  length  (see  Table  I), 
was  placed  on  either  the  slider  or  the  disk  to  study  the  effects 
of  moving  and  stationary  roughness  on  flying  characteristics. 
For  a  sinusoidal  varying  surface,  the  change  in  vertical  dis¬ 
placement  (z)  was  calculated  using 

trough- ^smooth-  sin  O  j(x)sin  ^^(y).  (0 


a)Samsung  Advanced  Institute  of  Technology,  Suwon,  Korea. 


The  effects  of  contaminants  on  the  disk  were  studied  by  in¬ 
troducing  various  configurations  of  ellipsoidal  asperities  and 
pits  onto  the  simulated  disk  surfaces. 

The  equation  governing  the  pressure  distribution  be¬ 
tween  the  slider  and  disk  surface  is  the  modified  Reynolds 
equation  which  incorporates  kinetic  theory  based  on  the 
Bhatnagar-Gross-Krook’s  (BGK)  approximation  to  the  lin¬ 
earized  Boltzmann  equation  (LBE).8  A  closed  form9  (no  da¬ 
tabase  lookup  procedures)  for  this  equation  was  used  in  the 
present  simulations. 

Under  ultralow  flying  conditions,  molecule-surface  col¬ 
lisions  occur  more  often  than  intermolecular  collisions.  The 
BGK  theory  is  invalid  under  these  conditions.  A  rigorous 
kinetic  equation  is  currently  being  developed,  which  is  struc¬ 
turally  similar  to  the  Fokker-Planck  (FP)  equation.10 

The  dynamics  of  a  one  particle  distribution  function  in 
dimensionless  velocity  form,  /(r,£,r),  is  described  by  the  fol¬ 
lowing  kinetic  equation: 

(s+”«is)/(r-w-'4(/)'  (2) 

A(f)  contains  the  collisional  information  of  the  gas  mol¬ 
ecules  and  depends  on  the  kinetic  model  chosen. 


FIG.  1.  (a)  Bow  tie  shaped  negative  and  positive  pressure  sliders  and  (b) 
surface  topography  of  a  two-dimensional  surface  and  an  asperity-pit  combi¬ 
nation. 
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TABLE  I.  Expression  of  surface  roughness  topology.3 


Surface  roughness 

Stationary 

Moving 

Transverse 

d>1  =  27T(W^/C/ 

<t>2—  tt!2 

$1=277 (oxIU-t 

Longitudinal 

$j  =  7 tI2,  d>2= 

-lirwylU 

Two  dimensional 

01=27r<yjc/t/ 

$!=27 T(OX/U—t 

$2=2  7T(oyWlUL 

$2=2t rcoyW/UL 

ao)  is  the  wave  number  of  the  surface  roughness,  U  is  the  disk  velocity,  W  is 
the  width  of  the  slider,  and  L  is  the  length  of  the  slider. 


Instead  of  comparing  numerical  results  between  several 
kinetic  equations,  the  mathematical  structures  of  the  BGK 
approximation  (LBE/BGK),  an  alternative  kinetic  equation 
(FP),  and  the  collisionless  kinetic  equation  (CL)  are  com¬ 
pared  by  expanding  A(f  )  in  terms  of  the  generalized  or¬ 
thogonal  Hermite  polynomial  tensors  H\ pi2,A,/n(£)>10 

A(/)=f  d3£'B(M')f(r,£';t),  (3) 

witha  u,n = 

The  eigenvalues,  kn ,  for  the  three  models  and  the  range 
of  application  of  the  equations  are  qualitatively  summarized 
in  Table  II.  Note  that  all  of  the  models  satisfy  conservation 
laws,  implying  five  zero  eigenvalues. 

III.  NUMERICAL  SIMULATION 

Numerical  simulations  were  performed  for  positive  and 
negative  pressure  nano  (50%)  bow  tie  sliders.  The  length  and 
width  of  the  sliders  are  2.0  and  1.5  mm,  respectively.  The 
recess  depth  of  the  negative  pressure  slider  is  4.44  /am.  In  all 
simulations,  the  air  inflow  velocity  is  10  m/s,  the  mass  of  the 
slider  is  0.0125  g,  the  rotational  speed  is  5400  rpm,  the  skew 
angle  is  zero,  the  linear  spring  stiffness  is  11  N/m,  the  tor¬ 
sional  spring  stiffness  is  0.0006  N  m/rad,  and  the  moment  of 

TABLE  II.  Eigenvalues  for  three  different  kinetic  models  and  illustration  of 

the  applicable  HDI  spacing  ranges. 

Fluid  mechanics  (Navier-Stokes)  Applicable  spacing  ranges 

- 1 - 1 - 1 - 1 — * - >X„ 

2  1  0 

LBE/BGK 

- + — i — i — e-* — >x„ 

4  3  2  1  0 

Fokker-Planck 


FIG.  2.  Surface  roughness  wave  number  effects  on  the  dynamic  response 
over  transverse  sinusoidal  surfaces. 


inertia  is  9.2XKT11  kgm2.  The  applied  normal  load  is  5  g 
for  the  positive  pressure  slider  and  1  g  for  the  negative  pres¬ 
sure  slider. 

A.  Effects  of  sinusoidal  surface  roughness 

The  effects  of  roughness  orientation  and  dimension  on 
the  slider  flying  characteristics  were  studied  using  sinusoidal 
surfaces.  Simulations  were  performed  with  wave  numbers,  co 
(inverse  wavelength),  equaling  different  multiples  of  the 
slider  length.  The  ratio  of  the  wavelength  to  the  amplitude  of 
the  surface  roughness  was  kept  constant  to  be  consistent  with 
slider  miniaturization.  For  a  wave  number  of  1,  the  ampli¬ 
tude  of  the  roughness  is  half  of  the  smooth  surface  steady 
state  flying  height  (hss). 

Flying  height  variations  normalized  to  hss  are  shown  in 
Fig.  2  for  transverse  surface  roughness.  The  slider  follows 
the  large  wave  form  at  the  large  wavelength,  but  as  the  size 
of  the  roughness  is  decreased,  the  flying  height  does  not 
follow  the  surface  roughness  contour. 

Transient  dynamics  of  the  bow  tie  negative  pressure 
slider  were  simulated  over  the  two-dimensional  surface 
roughness  shown  in  Fig.  1(b).  The  amplitude  of  the  rough¬ 
ness  is  half  of  Am,  and  the  wave  number  is  8  in  the  longitu¬ 
dinal  direction  and  6  in  the  transverse  direction  (to  make  the 
wave  form  square).  The  three-dimensional  pressure  distribu¬ 
tion  underneath  the  slider  is  shown  in  Fig.  3. 

Dynamic  responses  show  that  the  negative  pressure 
slider  does  not  follow  the  surface  roughness  as  regularly  as 
the  positive  pressure  slider,  however  it  does  oscillate  with 
smaller  amplitude.  This  is  attributed  to  the  higher  air  bearing 
stiffness  of  the  negative  pressure  slider. 

B.  Effects  of  multiple  asperities 


h  h>\ 


In  between  LBE/BGK 


(D © — @ — i — X - >\n  and  collisionless  h^k 

4  3  2  1  0 

Collisionless 


-Q - >X„ 


3  2  10 


X  Conserved 
O  Nonconserved 


XL 


h<\ 


h:  head-disk  spacing 
X:  mean  free  path 


Contaminated  particles  which  adhere  to  the  moving  disk 
surface  can  be  modeled  as  multiple  asperities  randomly  dis¬ 
tributed  over  the  disk  surface.  When  a  slider  passes  over  a 
series  of  asperities,  its  behavior  is  affected  by  the  time  his¬ 
tory.  This  non-Markovian  behavior  may  cause  sudden  devia¬ 
tions  from  the  designed  flying  characteristics. 

To  simulate  possible  scenarios  of  slider-contaminant  in¬ 
teraction,  two  isolated  ellipsoidal  asperities  and  an  asperity- 
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FIG.  3.  Three-dimensional  pressure  distribution  underneath  a  negative  pres¬ 
sure  slider  flying  over  two-dimensional  surface  roughness. 


pit  combination  were  positioned  beneath  the  center  of  the  left 
rail  (upstream  to  downstream)  of  a  positive  pressure  slider. 
The  amplitude  of  the  asperity  (or  pit),  ha ,  was  20  nm  and  the 
radius  of  the  asperity  (or  pit),  ra,  was  100  /mi.  The  separa¬ 
tion  distance  between  the  centers  of  adjacent  asperities  (or 
the  asperity  and  pit),  La ,  was  increased  from  1  to  3  times  the 
radius  of  the  asperity.  We  refer  to  La=ra  as  a  double  asper¬ 
ity.  Results  for  these  simulations  are  shown  in  Fig.  4. 

At  smaller  separations,  a  large  amount  of  dynamic  cou¬ 
pling  occurs  between  the  two  asperities,  while  at  larger  sepa¬ 
rations  (La^2ra),  the  coupling  diminishes. 

The  effects  of  multiple  asperities  were  examined  in  the 
frequency  domain  using  FFT.  A  typical  frequency  spectra  for 
the  flying  height  mode  is  given  in  Fig.  5  for  a  double  asper¬ 
ity,  an  asperity-pit,  and  two  asperities  with  La  =  3ra .  There 
are  only  a  couple  of  dominant  frequencies  for  each  asperity 


FIG.  4.  Transient  response  of  sliders  flying  over  multiple  asperities. 
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FIG.  5.  Frequency  spectra  in  the  flying  height  mode. 

set.  The  response  for  the  double  asperity  shows  a  unique 
mode  split  phenomena  at  the  dominant  low  frequency  region. 

IV.  CONCLUSIONS 

Transient  dynamic  responses  of  ultralow  flying  sliders 
were  investigated  over  contaminated  and  textured  surfaces 
using  the  LBE/BGK  equation.  A  critique  of  this  equation  and 
the  mathematical  structure  of  the  collision  integral  of  an  ad¬ 
vanced  kinetic  equation  descriptive  of  ultralow  flying  are 
given.  Simulations  were  performed  with  positive  and  nega¬ 
tive  pressure  nano  bow  tie  sliders  flying  over  various  sinu¬ 
soidal  rough  surfaces. 

To  simulate  the  effects  of  rough  surfaces  on  the  flying 
characteristics,  multiple  asperities  and  asperity-pit  combina¬ 
tions  were  introduced.  Non-Markovian  memory  effects  of 
the  slider  response  were  prominent.  As  the  asperity  separa¬ 
tion  distance  increased,  coupling  effects  diminished.  The 
asperity-pit  combination  showed  the  least  disturbance  to  the 
dynamics  of  the  slider. 

Spectral  analysis  was  introduced  using  FFT  to  character¬ 
ize  the  dynamic  response  of  sliders  over  various  rough  sur¬ 
faces.  This  analysis  showed  the  negative  pressure  slider  to  be 
more  stable  than  the  positive  pressure  slider  in  response  to 
surface  roughness. 
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The  spreading  characteristics  of  thin  polymeric  liquid  films  of  perfluoropolyalkylethers  (PFPEs) 
Fomblin  Z15  and  Fomblin  Zdol  (hydroxyl  terminated  PFPE)  on  silica  surfaces  have  been  measured 
by  scanning  microellipsometry  (SME).  We  estimated  the  surface  diffusion  coefficients  and  propose 
a  modified  diffusion  equation  to  interpret  the  spreading  phenomenon  from  film  thickness  profiles 
measured  with  SME.  We  investigated  the  spreading  of  Z15  as  a  function  of  binary  blend  ratio  of 
monodisperse  Z15  fractions  and  found  that  the  surface  diffusion  coefficients  of  the  blends  do  not 
obey  a  simple  linear  mixing  rule.  A  summary  of  thin  PFPE  film  spreading  characteristics  as  a 
function  of  molecular  weight,  film  thickness,  chain-end  functionality,  temperature,  and  humidity  is 
presented.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)l  1408-5] 


I.  INTRODUCTION 

In  magnetic  hard  disk  drive  systems,  an  ultrathin  layer 
(—5-20  A)  of  perfluoropolyalkylether  (PFPE)  is  applied  to 
the  thin-film  media  surface  to  prevent  wear  of  the  media.  In 
order  to  advance  magnetic  disk  media  technology,  it  is  nec¬ 
essary  to  understand  the  interaction  between  the  lubricants 
and  the  solid  surface  (retention),  and  the  mobility  of  the  lu¬ 
bricant  molecules  (replenishment).  Only  limited  quantitative 
work  has  been  reported  on  the  mobility  or  diffusion  of  poly¬ 
mers  in  thin  films  on  solid  surfaces.  Microscopic  spreading 
characteristics  of  thin  films1-4  and  small  drops5"7  of  poly¬ 
meric  liquids  on  flat  surfaces  has  gained  considerable  inter¬ 
est. 

Surface  diffusion  of  nearly  monodisperse  {MJMn<\A) 
PFPE  films  cast  from  solution  onto  the  surface  of  silicon 
wafers  was  investigated  as  a  function  of  molecular  weight, 
film  thickness,  chain-end  functionality,  temperature,  and 
humidity.3,4  Scanning  microellipsometry  (SME)  was  used  to 
measure  the  thickness  profiles  as  the  film  spreads  with  time. 
The  spreading  of  nonfunctional  PFPE  (Z15),  a  random  co¬ 
polymer  of  CF20  and  CF2CF20  moieties,  and  hydroxyl  ter¬ 
minated  PFPE  (Zdol)  exhibit  distinctly  different  thickness 
profiles  and  mobilities.  Spreading  of  Z15  occurs  mainly  by 
the  diffusionlike  movement  of  the  fast  moving  front  or  foot 
of  gradually  decreasing  thickness,  and  displays  a  greater  mo¬ 
bility  than  Zdol.  Zdol  exhibits  a  characteristic  shoulder  by 
forming  an  apparent  monomolecular  “anchored”  layer, 
which  separates  out  from  the  initial  film  layer  with  a  sharp 
boundary.  The  apparent  surface  diffusion  coefficients  of  Z15 
and  Zdol  increase  with  decreasing  molecular  weight  and  in¬ 
creasing  film  thickness  (particularly  for  films  <50  A).  Sur¬ 
face  diffusion  of  50  A  Z15  (Mw=  13  800  g/mol)  and  Zdol 
(Mw=3400  g/mol)  films  were  evaluated  at  temperatures 
ranging  from  25  to  50  °C.3  The  activation  energy  for  surface 
diffusion  Ed  of  Zdol  (50.6  kJ/mol)  is  higher  than  that  of  Z15 
(20.6  kJ/mol),  reflecting  the  stronger  affinity  of  its  hydroxyl 
end  groups  for  the  substrate.  The  bulk  viscosity  flow  activa¬ 
tion  energies  Ey  were  compared  with  Ed  yielding  Ed=Ev 


for  Z15  (neutral  polymer-substrate  interaction),  and 
Ed=\5Ev  for  Zdol  (positive  polymer- substrate  interac¬ 
tion).  Z15  is  not  significantly  affected  by  humidity,  whereas 
the  PFPEs  with  functional  chain-ends  (i.e.,  Zdol,  Ztetraol, 
and  AM2001)  exhibit  a  dramatic  increase  in  mobility  with 
increasing  relative  humidity 4  In  this  paper,  we  introduce  a 
full  scale  theoretical  development  of  a  modified  diffusion 
equation  to  describe  the  spreading  rate  of  the  lubricant  front. 
Using  a  finite  difference  scheme  with  the  modified  diffusion 
equation,  the  calculated  positions  of  the  moving  front  agree 
well  with  the  measured  data  for  a  wide  range  of  time.  We 
focus  on  a  binary  blend  system  of  Z15  monodisperse  frac¬ 
tions  to  illustrate  the  essence  of  the  experiments  and  theo¬ 
retical  development.  This  paper  reports  the  first  systematic 
study  of  lubricant  thin  film  spreading  behavior  as  a  function 
of  blend  ratio,  and  the  results  presented  may  be  useful  in  the 
development  of  advanced  lubricant  systems  for  hard  disk 
drives. 


II.  EXPERIMENTATION 

The  commercially  available  Fomblin  Z  and  its  derivative 
Fomblin  Zdol  (products  of  Ausimont  USA,  Inc.)  have  the 
following  random  copolymer  linear  backbone  chain  struc¬ 
ture: 

X-CF2-[(OCF2-CF2)/7-(OCF2),]-OCF2-X, 

where  X  is  F  and  plq=2l3  in  Z15,  and  X  is  CH2OH  and 
p!q  =  1  in  Zdol. 

Binary  blends  of  monodisperse  Z15  fractions  were  dip 
coated  onto  the  surface  of  single-side  polished  silicon  wa¬ 
fers.  The  silicon  wafers  were  25.4  mm  in  diameter  and  0.2- 
0.3  mm  thick  having  a  native  oxide  Si02  (silica)  layer  of 
~16  A.  Prior  to  coating,  the  wafer  is  cleaned  by  sequentially 
rinsing  with  isopropanol  and  perfluorohexane  (FC-72,  prod¬ 
uct  of  3M).  Half  of  the  wafer  is  then  immersed  in  a  dilute 
solution  of  Z15  blend  in  FC-72  in  order  to  form  a  film  hav¬ 
ing  a  sharp  step  on  one  part  of  the  substrate.  The  initial  film 
thickness  h0  is  controlled  through  solution  concentration  and 
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FIG.  1.  Schematic  of  the  SME  setup. 


the  rate  of  drawing  the  wafer  out  of  solution.  The  time- 
dependent  thickness  profiles  of  the  films  were  measured  us¬ 
ing  a  SME  (spot  size  20X60  fxm)  having  a  translational 
stage  with  a  temperature  and  humidity  controlled  environ¬ 
ment  as  depicted  in  Fig.  1.  The  sample  is  oriented  so  that  the 
steplike  film  boundary  is  parallel  to  the  plane  of  incident 
light.  All  experiments  were  performed  for  /z0=50  A  films 
under  a  continuous  stream  of  clean  nitrogen  gas  at  room 
temperature  (=26  °C)  and  0%  relative  humidity. 

III.  RESULTS 
A.  Experiment 

After  dip  coating,  the  PFPE  film  spreads  with  time  along 
the  surface  of  the  silicon  wafer  and  the  thickness  profiles  are 
monitored  using  SME.3,4  To  determine  the  spreading  rate  of 
the  lubricant,  we  focused  on  the  leading  edge  of  the  advanc¬ 
ing  film  front.  The  length  that  the  front  travels  L  is  defined  as 
the  difference  between  the  initial  position  of  the  lubricant 
front  and  each  position  in  the  subsequent  profiles.  Lengths  L 
and  corresponding  travel  times  t  are  plotted  as  shown  in  Fig. 
2  for  Z15  Mw=  13  800  g/mol.  In  the  L-t  plot,  the  spreading 


FIG.  3.  Plot  of  D{ 2  vs  Xj  for  binary  blends  of  Z15. 


phenomenon  demonstrates  L^t  for  short  times  (Regime  I) 
and  after  a  gradual  transition  L*tm  (Regime  II;  diffusion 
region).  The  surface  diffusion  coefficient  D  is  estimated 
from  the  data  in  Regime  II  using7  D  =  L2/t.  Film  thickness 
profiles  were  monitored  over  24  h  for  0,  20,  40,  80,  and  100 
mol  %  ratios  of  Z15  monodisperse  fractions  Mw— 5400 
g/mol  (component  1)  and  Mw=35  600  g/mol  (component  2). 
As  shown  in  Fig.  3,  surface  diffusion  coefficients  Dn  were 
calculated  for  each  of  the  binary  Z15  blends  of  the  low  mo¬ 
lecular  weight  fraction  component  1  and  high  molecular 
weight  fraction  component  2.  Applying  a  simple  linear  mix¬ 
ing  rule  for  a  binary  mixture,  the  diffusion  coefficient  of  an 
“ideal”  mixture  Djj  may  be  expressed  as 

D'^=(Dl-D2)xl+D2,  (1) 

where  and  xt  denote  surface  diffusion  coefficient  and 
mole  fraction  of  pure  component  i(/  =  l,2),  respectively.  For 
Z15  blends,  Dn  does  not  obey  the  ideal  mixing  rule,  i.e., 
AD—Dn—  Dn  <  0  where  A D  is  the  excess  quantity  due  to 
nonideality,  as  illustrated  in  Fig.  3. 

Monodisperse  fractions  of  Z15  Mw  = 5400  g/mol  and 
Zdol  Mvv=4700  g/mol  were  blended  in  a  1:1  ratio  by  weight. 
From  the  characteristic  shapes  of  the  profiles  shown  in  Fig.  4 
and  relative  mobilities  of  Z15  and  Zdol,  the  advancing  front 


FIG.  2.  L-t  plot  of  experimental  data  for  Z15  over  24  h,  and  numerical  L-t 
curves  obtained  from  Eq.  (3)  for  different  values  of  r. 
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FIG.  5.  Plots  of  h(r,d,t):  (a)  contour  of  hfh0= 0.01  and  (b)  h  at  y=  0  for 
r=0,  1X104,  2X104,  and  5X104  s. 


region  of  the  film  appears  to  be  the  relatively  fast-moving 
Z15  and  the  remaining  region,  which  exhibits  a  shoulder, 
should  be  the  less  mobile  Zdol. 

Two  monodisperse  fractions  of  Zdol  (Mw= 1600  g/mol 
and  Afw =4700  g/mol)  were  blended  in  a  1:1  ratio  by  weight. 
Relative  to  its  pure  components,  the  Zdol  blend  shows  a 
drastic  increase  in  the  dewetting  exhibited  on  the  film  side  of 
the  profile  which  may  be  due  to  phase  separation  of  its  two 
components.  The  intermediate  shoulder  height  of  the  blend  is 
less  distinct  as  compared  to  the  shoulder  heights  of  the  an¬ 
chored  layers  corresponding  to  the  pure  components. 

B.  Theory 

To  interpret  experimental  data  shown  in  Fig.  2,  the  lead¬ 
ing  edge  movement  of  the  advancing  film  front  was  calcu¬ 
lated  with  the  conventional  diffusion  equation 


^^-  =  V[D(h)Vh(r,t)l  (2) 

ot 

where  h{r,t)  is  the  thickness  of  the  film  (h — volume/area), 
and  D(h)  is  the  thickness-dependent  surface  diffusion  coef¬ 
ficient.  Using  a  finite  difference  scheme,  we  solve  for  Eq.  (2) 
in  cylindrical  form  h(r,6,t),  for  the  system  geometry  in  Fig. 
5(a),  assuming  constant  D,  initial  conditions 
h(x>0,r*zR;t=0)  =  h0>  h(x<0,r^R-,t=0)=0,  and  zero 
flux  boundary  conditions  dh/dr]r=R= 0,  dh/d0]e=0^=0.  The 
numerical  results  shown  in  Fig.  5(a)  of  typical  film  thickness 
contours  for  the  lubricant  front  assigned  as  h/h0=O.Ql  at 
different  times  demonstrate  D*L2/t,  and  in  Fig.  5(b)  show 
the  change  in  h  with  respect  to  time  at  y=0. 

Although  applicable  in  Regime  II,  the  results  obtained 
from  Eq.  (2)  do  not  describe  the  L<*r  behavior  in  Regime  I. 
Therefore,  we  propose  a  modified  diffusion  equation  given 
as 


T 


d2h(r,t) 
~dt^~  + 


dh{r,t) 

Jt 


=  V-[Z>(A)Vft(r,f)]. 


(3) 


where  r  is  a  parameter  related  to  the  crossover  time  of  the 
transition  between  Regimes  I  and  II.  Using  a  finite  difference 
numerical  scheme  Eq.  (3)  can  be  used  to  describe  the  behav¬ 
ior  of  experimental  data  as  shown  in  Fig.  2  for  several  dif¬ 
ferent  values  of  r ;  note  Eq.  (3)  reduces  to  Eq.  (2)  at  r=0. 
The  parameter  r  can  aid  in  characterizing  microscopic 
spreading  behavior  of  ultrathin  polymeric  films. 

IV.  DISCUSSION  AND  CONCLUSIONS 

From  Regime  II  of  L-t  plots  for  films  of  binary  Z15 
blend  ratios  ranging  from  0  to  100  mol  %,  surface  diffusion 
coefficients  were  estimated  using  the  relationship  D=L2/t. 
We  found  that  surface  diffusion  of  the  Z15  blend  deviates 
from  an  ideal  mixture.  Spreading  of  a  1:1  Z15/Zdol  binary 
blend  showed  profiles  in  which  the  mobility  of  the  individual 
PFPEs  spread  somewhat  independently  of  each  other.  Thus, 
surface  diffusion  of  a  thin-film  lubricant  depends  on  its  mo¬ 
lecular  weight  distribution  which  should  be  one  of  the  factors 
considered  when  selecting  a  lubricant.  Since  the  conven¬ 
tional  diffusion  theory  does  not  account  for  spreading  in  Re¬ 
gime  I,  a  modified  diffusion  equation  was  proposed  to  more 
accurately  describe  and  fit  experimental  data  obtained  from 
spreading  profiles  of  PFPE  films.  The  new  term  accounts  for 
the  early  spreading  where  L*t.  By  analogy,  the  physical 
origin  of  r  can  be  understood  in  terms  of  the  Deborah  num¬ 
ber  commonly  used  in  polymer  rheology.  Defining  the 
“Deborah  number  of  diffusion”  as  Ded=/3r/t  (for  Z15 
yS=10),  then  for  De^<l  conventional  diffusion  (L*tm)  is 
applicable,  and  for  De^>  1  the  new  term  in  Eq.  (3)  becomes 
dominant  and  describes  the  mobility  of  the  lubricant 

front.  Equation  (3)  was  rigorously  derived  from  Ficks  law  by 
introducing  a  delayed  flux  response,  i.e.,  j(r,t+ r)  = 
— D(h)V h(r,t),  for  small  r.  The  details  of  this  new  theoreti¬ 
cal  investigation  will  be  provided  in  a  future  publication. 
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Wear  studies  of  contact  recording  interface  with  a  microfabricated  head 
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In  contact  recording  devices,  a  head  is  designed  to  remain  in  continuous  contact  with  the  disk 
surface.  Friction/stiction  and  wear  issues  in  continuous  contact  are  critical  to  interface  reliability. 

Objective  of  the  present  research  is  to  study  the  wear  mechanisms  responsible  for  the  wear  of  a 
microfabricated  a- C:H  contact  pad  sliding  against  a  smooth  disk  surface.  Wear  rate  of  the  contact 
pad  was  measured  using  a  faceted  technique.  Disk  wear  track  was  measured  using  an  atomic  force 
microscope.  After  initial  run-in,  wear  rate  increased  slightly  with  sliding  distance.  Wear  rate  at 
contact  pressure  when  the  pad  is  in  complete  contact  with  the  disk  is  about  0.015  nm/h.  Optical 
microscopy  showed  small  accumulation  of  wear  debris  at  the  leading  edge  of  the  pad.  The  dominant 
wear  mechanism  initially  is  adhesive  followed  by  some  contribution  by  three-body  abrasive  wear 
caused  by  fine  debris  produced  at  the  interface.  Particulate  contamination  in  the  environment 
significantly  increased  the  wear  rate.  Tests  in  various  gaseous  environments  showed  that  wear  rates 
in  argon  and  in  nitrogen  are  lower  than  that  in  ambient  air,  suggesting  that  tribochemical  oxidation 
of  carbon  plays  an  important  role  in  wear  of  carbon  pad.  ©  1996  American  Institute  of  Physics. 
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I.  INTRODUCTION 

In  order  to  enable  continued  increase  in  storage  density, 
one  method  is  to  minimize  the  head-disk  separation  (e.g., 
flying  height)  and  ideally  reduce  it  to  zero.  While  a  contact 
recording  device  (where  the  flying  fight  is  zero)  would  be 
highly  attractive  from  the  perspective  of  magnetic  perfor¬ 
mance,  the  tribological  issues  have  to  date  discouraged  their 
introduction  into  the  commercial  drives.1  A  number  of  con¬ 
tact  recording  devices  are  currently  under  development.  In 
one  of  the  most  advanced  designs,  the  contact  pad  consisting 
of  Censtor  MicroFlex  head  is  substantially  smaller  (17 
pu mX36  pan)  than  the  conventional  heads.2  During  opera¬ 
tion,  the  contact  pad  remains  in  contact  with  the  disk  at  a 
typical  applied  normal  load  of  40  mg  and  at  linear  velocity  of 
3-8  m/s.  A  perpendicular-probe-type  configuration  can  tol¬ 
erate  as  much  as  7  pan  of  vertical  pole  tip  wear  over  the  life 
of  the  drive  (~5  y)  without  significant  signal  degradation.3 
Friction/stiction  and  wear  problems  associated  with  the  con¬ 
tinuous  contact  at  head-disk  interface  become  important.  The 
objectives  of  the  research  are  to  study  the  wear  mechanisms 
relevant  to  the  pad/disk  interface  and  the  influence  of  the 
environments  on  the  wear  rate  of  the  contact  pad. 

II.  EXPERIMENT 

The  read-write  heads  used  here  were  two-piece  Censtor 
MicroFlex  heads  with  gold  contact  on  top  of  head  body  sol¬ 
dered  to  one  end  of  a  triangular  stainless  steel  flexure  beam. 
The  laminated  beam  contains  25 -//m- thick  stainless  steel 
with  a  polymeric  layer  topped  with  two  parallel  gold  leads 
connecting  the  read-write  element  at  the  free  end  to  bonding 
pads  at  the  other  end.  The  length  and  thickness  of  the  flexure 
beam  are  10  mm  and  30  pan, ,  respectively.  The  width  ranges 
from  1.5  mm  (head  end)  to  0.7  mm  (free  end).  The  flexure 
beam  has  an  effective  mass  of  about  600  pt g  with  a  spring 
constant  of  around  1.75  Nm"1.  The  flexure  is  epoxy  bonded 
to  an  alumina  diving  board  which  is  then  epoxy  bonded  to  an 
anodized  aluminum  arm.  A  perpendicular-probe-type  head, 
with  a  flux  return  pole  and  multilayered  pancake  coil,  is  fab¬ 


ricated  using  photolithographic  techniques.  The  Co-Nb-Zr 
alloy  pole  and  front  yoke  reside  vertically  along  the  center 
line  of  the  head  body  with  the  coil  placed  orthogonally,  and 
the  gold  contacts  on  the  top.  The  head  construction  contains 
layers  of  SiC,  A1203,  and  Si  and  the  head  is  buried  in  a  layer 
of  plasma-enhanced  chemical-vapor  deposited  (PECVD) 
a- C:H,  which  forms  a  contact  pad  with  a  cross  section  of  17 
£6111X36  pan  with  about  7  pan.  thickness.4 

The  magnetic  disks  used  in  this  study  were  made  of 
0.635-mm-thick  Al-Mg  substrate  with  an  outer  diameter  of 
48  mm  and  an  inner  diameter  of  12  mm.  The  disks  were 
coated  with  6-/zm-thick  electroplated  Ni-Fe  underlayer,  75- 
nm- thick  sputtered  Co-Cr-Ta  magnetic  layer,  10-nm- thick 
sputtered  a- C:H  overcoat  and  1-nm-thick  bonded  per- 
fluropoly ether  lubricant  overlayer.  The  disks  passed  38  nm 
glide  height  test.  Roughness  parameters  of  the  disk  surface 
measured  using  AFM  are  as  follows:  rms=0.55  nm,  peak- 
mean  distance=2.1  nm,  P-V  distance=4.2  nm,  and  /?*  (cor¬ 
relation  length)=0.3  pan. 

Two  tribotest  apparatuses  were  used  in  this  study  to  mea¬ 
sure  the  wear  rate  of  the  contact  pad.  The  wear  tests  in  am¬ 
bient  air  were  conducted  in  a  modified  Seagate  drive  (ST- 
225),  schematically  shown  in  Fig.  1.  The  head-suspension 
assembly  was  mounted  at  an  angle  of  about  8°-10°,  on  an 
actuator  arm  which  is  mounted  on  a  vertical  linear  stage  on  a 
tower.  The  tower  was  actuated  by  a  rotary  actuator.  The  ro¬ 
tating  speed  of  the  disk  was  3600  rpm  and  the  applied  nor¬ 
mal  force  was  40  mg.  Typical  test  duration  was  120  h.  The 
influence  of  various  environments  on  the  wear  rate  of  the 
contact  pad  was  studied  using  an  ultra-high  vacuum  (UHV) 
environmental  tribotester.5,6  The  experiments  were  per¬ 
formed  in  various  environments  of  air  (RH=65%),  dry  air 
(RH=10%),  Ar,  and  N2.  The  rotating  speed  of  the  disk,  the 
applied  load,  and  the  test  duration  were  500  rpm,  40  mg,  and 
170  h,  respectively.  For  experiments  in  environments  other 
than  in  ambient  air,  the  vacuum  chamber  was  initially  evacu¬ 
ated  to  a  pressure  of  about  10~6  Torr  and  then  backfilled  with 
the  desired  gas. 


J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)75791 /3/$1 0.00 


©  1 996  American  Institute  of  Physics  5791 


c 


FIG.  1.  Schematic  of  the  disk  drive  for  ambient  wear  test. 


In  these  tests,  the  pad  was  brought  in  contact  with  the 
disk  surface  and  was  lowered  by  a  known  displacement  to 
exert  a  desired  normal  load  (normal  spring  stiffness  is  1.75 
Nm-1).  Displacement  was  measured  by  a  noncontact  fiber 
optic  probe  placed  above  the  pad.  Wear  tests  were  conducted 
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FIG.  2.  Wear  as  a  function  of  sliding  distance  (a)  at  pressures  as  shown  in 
the  figure,  (b)  at  a  normal  pressure  of  650  kPa. 


FIG.  3.  Optical  micrographs  of  the  contact  pads  after  3250  km  of  test  (a)  in 
class  100  environment,  (b)  in  class  10  000  environment. 


by  sliding  the  pad  tilted  with  the  disk  surface  to  develop  a 
facet  on  the  pad  surface.  The  wear  rate  of  the  contact  pad 
was  determined  by  measuring  the  growth  in  the  size  of  the 
wear  facet  generated  on  the  pad.  The  head  was  first  loaded 
onto  the  coarse  lapping  disk  (rms=235  nm)  at  a  pre-test  load 
(—58  mg)  and  ran  for  10  s  to  create  a  single  facet  on  the 
contact  pad.  It  was  then  loaded  onto  the  fine  lapping  disk 
(rms  =  1.4  nm)  at  the  same  load  and  ran  for  120  min  to  re¬ 
move  the  scratches  on  the  pad  surface.  After  that,  the  head 
was  run  on  a  test  disk  at  the  same  load  for  60  min  and  then 
repositioned  to  a  new  track,  tilted  about  —0.75°  (trailing 
edge  in  contact  with  disk  surface)  by  decreasing  the  load  to 
40  mg  and  run  for  the  test  duration  to  create  a  new  facet  on 
the  pad  surface.  Tilt  angle  was  determined  from  the  vertical 
displacement  of  the  pad  multiplied  by  the  bending  stiffness 
of  the  beam  (7.4  degree/mm).  The  wear  volume  of  the  pad 
was  calculated  from  the  pad  width,  tilt  angle  and  length  of 
the  new  facet.  The  wear  track  on  the  disk  surface  was  mea¬ 
sured  using  AFM.  All  tests  were  conducted  at  ambient  tem¬ 
perature  of  22±1  °C.  Humidity  in  the  clean  room  environ¬ 
ment  was  50 ±5%  RH. 

III.  RESULTS  AND  DISCUSSION 

The  wear  volume  of  the  contact  pad  as  a  function  of 
sliding  distance  for  the  tests  conducted  at  a  normal  load  of  40 
mg  and  tilt  angle  of  -0.75°  in  class  100  environment  is 
shown  in  Fig.  2(a).  After  the  first  540  km  of  sliding  at  higher 
pressure,  the  wear  volume  increases  at  a  nearly  constant  rate. 
Note  that  during  the  wear  test,  the  facet  gradually  grew  and 


FIG.  4.  AFM  profile  of  the  wear  track  in  the  disk  surface  after  3250  km  of 
test. 
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FIG.  5.  Wear  volume  as  a  function  of  sliding  distance  in  two  environments. 


FIG.  6.  Wear  volume  data  in  different  environments  after  650  km  of  sliding 
at  40  mg  of  load. 


thus  the  contact  pressure  decreased  with  the  test  time.  At  the 
beginning  of  the  test,  the  wear  pad  makes  a  line  contact  with 
the  disk  surface,  and  thus  the  contact  pressure  is  very  high. 
Optical  microscopy  of  the  head  surface  during  initial  sliding 
showed  light  burnishing  of  the  pad,  which  suggests  that  wear 
was  dominated  by  plastic  deformation.  Absence  of  any  abra¬ 
sion  marks  suggests  that  dominant  wear  mode  was  adhesive. 
Optical  microscopy  of  the  worn  surfaces  after  considerable 
sliding  (>2000  km)  revealed  very  fine  scratching  of  the  pad 
surface  and  some  debris  accumulation  at  the  leading  edge  of 
the  contact  pad,  Fig.  3(a).  EDX  analysis  of  the  debris  re¬ 
vealed  that  the  debris  contains  C,  Si,  and  Al,  which  suggests 
that  one  source  of  the  debris  is  the  contact  pad.  Some  of  the 
debris  accumulated  at  the  leading  edge  of  the  pad,  and  some 
re-entered  the  contact  region  between  the  head  and  disk, 
causing  the  three-body  abrasive  wear. 

Since  the  rate  of  wear  volume  was  constant  after  initial 
run-in,  Archard’s  wear  law  is  applicable.  From  simple  geom¬ 
etry,  square  root  of  wear  volume  is  proportional  to  the  con¬ 
tact  pressure.  Using  this  relationship,  the  equivalent  wear 
rate  at  a  contact  pressure  of  650  kPa  as  a  function  of  sliding 
distance  was  obtained,  as  shown  in  Fig.  2(b).  A  pressure  of 
650  kPa  corresponds  to  the  pressure  when  the  pad  is  in  com¬ 
plete  contact  with  the  disk  at  40  mg  of  load.  The  contact 
pressure  at  the  beginning  of  the  test  was  underestimated, 
which  gives  a  high  wear  rate.  The  wear  rate  at  2700  km  is 
about  0.017  nm/h.  Assuming  that  the  hardness  of  the  carbon 
pad  is  15  GPa,  the  wear  coefficient  for  the  contact  pad  at 
2700  km  of  sliding  is  about  8X10-11,  which  is  extremely 
low  for  dry  sliding  conditions.1  After  the  run-in  period,  an 
increase  in  the  wear  rate  with  sliding  distance  is  consistent 
with  the  contribution  by  the  three-body  abrasive  wear. 

Figure  4  shows  the  AFM  measurement  of  the  disk  after 
125  h  of  sliding  against  the  head  at  a  normal  load  of  40  mg 
and  disk  rotating  speed  of  3600  rpm  (7.5  m/s).  The  wear 
track  depth  ranges  from  2.5  to  3.5  nm. 

The  effect  of  the  particulate  contamination  in  environ¬ 
ment  on  the  wear  volume  is  shown  in  Fig.  5,  under  the  test 
conditions  of  normal  load  of  40  mg  and  disk  rotating  speed 
of  3600  rpm  (7.5  m/s).  The  wear  volume  increased  with  slid¬ 
ing  distance  more  quickly  in  class  10  000  environment  than 
in  the  class  100  environment.  After  1620  km  of  sliding,  the 
wear  volume  in  class  10  000  is  about  12.0  ^m3,  as  compared 
to  3.3  /mm3  in  class  100  environment.  Figures  3(a)  and  3(b) 


show  the  typical  optical  images  of  the  worn  pads  in  class  100 
and  in  class  10  000  environments.  Severe  scratches  are 
clearly  observed  on  the  worn  area  in  class  10  000  environ¬ 
ment,  which  suggests  that  the  particulate  contamination  in 
ambient  environment  caused  severe  abrasive  wear  and  there¬ 
fore  increased  the  wear  volume  to  a  high  value.  The  smaller 
scratches  on  the  worn  area  in  class  100  environment  are 
caused  by  the  contaminants  and/or  the  fine  debris  generated 
during  sliding  wear. 

Figure  6  shows  the  wear  volumes  in  various  gaseous 
environments  under  the  test  conditions  of  normal  load  of  40 
mg,  disk  rotating  speed  of  500  rpm  (1  m/s)  and  sliding  dis¬ 
tance  of  650  km.  These  tests  were  conducted  in  the  UHV 
tribotester.  The  wear  volume  in  air  with  relative  humidity  of 
65%  is  higher  than  in  argon  and  in  nitrogen.  Tribochemical 
oxidation  of  carbon  may  be  responsible  for  the  higher  wear 
rate  in  ambient  environment,  as  compared  to  that  in  nitrogen 
or  in  argon  environment.5*7  The  effect  of  environment  on 
carbon  pad  sliding  against  carbon  coated  disk  is  not  as  sig¬ 
nificant  as  Al203-TiC  slider  sliding  against  carbon  disk.6,7 
Catalytic  effect  of  Al203-TiC  slider  is  known  to  be  respon¬ 
sible  for  very  high  wear  rates  in  oxidizing  environments. 
Further  reduction  in  the  interface  wear  will  undoubtedly  be 
desirable.  Wear  performance  improvements  may  be  accom¬ 
plished  by  the  use  of  alternative  coatings,  such  as  SiC4  and 
cathodic  arc  carbon  coatings8  for  the  construction  of  contact 
pad  and  disk  overcoat,  and  by  the  use  of  super  smooth  disks. 
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Contact  of  two  rough  surfaces  at  an  interface  occurs  at  a  small  fraction  of  the  nominal  area.  The  real 
area  of  contact  and  interfacial  adhesion  primarily  control  the  friction  of  an  interface.  With  the 
presence  of  a  thin  film  of  liquid  lubricant  or  adsorbed  water  layer  at  the  interface,  menisci  form 
around  the  contacting  and  near-contacting  asperities.  The  meniscus  formation  results  in  stiction 
problems  in  the  head-medium  interfaces.  The  objective  of  this  research  is  to  predict  optimum 
surface  roughness  for  minimum  friction/stiction.  For  the  first  time,  the  effects  of  skewness  and 
kurtosis  of  surfaces  with  non-Gaussian  distribution  on  contact  area  and  meniscus  contribution  have 
been  studied.  A  numerical  model  that  accounts  for  the  effects  of  roughness  distribution  and  liquid 
film  was  used  for  this  study.  Based  on  this  study,  a  surface  with  non-Gaussian  distribution  with 
positive  skewness  between  0  and  0.2  and/or  with  high  values  of  kurtosis  (K> 5)  should  be  used  for 
low  friction  and  stiction.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  11 608-8] 


I.  INTRODUCTION 

High  magnetic  storage  density  in  modem  disk  drives  is 
achieved  by  the  use  of  very  smooth  thin-film  rigid  disks  that 
allow  ultralow  flying  of  read/write  head  sliders  over  the  disk 
surface.  However  smooth  surfaces  result  in  high  stiction  dur¬ 
ing  rest  and  high  stiction/friction  during  the  contact  start/stop 
(CSS)  operation,  especially  with  the  presence  of  a  thin  film 
of  liquid  lubricant  or  adsorbed  water  vapor  at  the  head-disk 
interface.1  Disk  surfaces  are  textured  to  minimize  stiction/ 
friction.  There  is  a  critical  hla  (total  liquid  film  thickness/ 
standard  deviation  of  surface  heights)  above  which  the  stic¬ 
tion  increases  rapidly  with  an  increase  in  the  liquid  film 
thickness.1’2  Distribution  of  local  roughness  plays  an  impor¬ 
tant  role  in  friction/stiction  and  wear.  Thus  optimization  of 
roughness  distribution  on  the  disk  surface  is  required.  In  the 
past  few  decades  many  analytical  and  numerical  models 
have  been  developed  for  contact  simulation  of  rough 
surfaces.1,3  In  most  models  surface  height  distribution  is  as¬ 
sumed  to  follow  a  Gaussian  distribution.  In  the  present 
model  for  the  first  time  the  effect  of  non-Gaussian  distribu¬ 
tion  of  roughness  on  real  area  of  the  contact  and  meniscus 
contribution  have  been  systematically  studied.  Non-Gaussian 
surfaces  were  computer  generated. 


II.  CONTACT  MODEL 

A  Gaussian  surface  can  be  represented  by  two  surface 
roughness  parameters — a  (standard  deviation  of  surface 
heights)  or  Rq  (rms  value)  and  (correlation  length).1,3,4  A 
non-Gaussian  surface  may  exhibit  skewness  (Sk)  and  kurto¬ 
sis  ( K ).  Skewness  is  a  parameter  which  defines  the  asym¬ 
metric  spread  and  it  is  given  by 

1  f 00 

Sk=  — y  z3p(z)dz,  (1) 

(J  J  —00 

where  p(z)  is  the  probability  density  function  of  variable,  z 
(the  height  distribution).  A  Gaussian  surface  has  zero  skew¬ 
ness.  Kurtosis  represents  the  peakedness  of  the  distribution 
and  it  is  given  by 


K=—\  z4p(z)dz.  (2) 

cr  J  -00 

A  Gaussian  surface  has  a  kurtosis  of  3.  Figure  1  shows 
the  probability  density  functions  for  surface  heights  with  dif¬ 
ferent  skewness  and  kurtosis  values.  An  algorithm  suggested 
by  Hu  and  Tonder5  has  been  used  for  the  generation  of  non- 
Gaussian  surfaces  with  given  skewness  and  kurtosis.  By  us¬ 
ing  a  two-dimensional  digital  filter  technique  combined  with 
fast  Fourier  transform,  rough  surfaces  with  any  given  a,  /?*, 
Sk,  and  K  can  be  generated  efficiently  using  a  computer.  A 


FIG.  1.  Probability  density  function  for  surfaces  with  (a)  different  skewness 
and  (b)  different  kurtosis. 
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a  =  1  nm,  B*=  0.5  jim 


a=,l  nm,  B’=  0.5  nm 


FIG.  2.  Three-dimensional  surface  height  profile  of  a  computer  generated 
Gaussian  surface. 
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FIG.  3.  Two-dimensional  height  profiles  of  surfaces  with  different  skewness 
and  kurtosis  values. 


computer  generated  three-dimensional  Gaussian  surface  pro¬ 
file  is  shown  in  Fig.  2.  The  heights  of  the  surface  profiles 
consists  of  256X256  data  points.  Figure  3  shows  relative 
features  of  different  non-Gaussian  surfaces.  A  Gaussian  sur¬ 
face  with  zero  skewness  and  kurtosis  of  3  has  an  equal  num¬ 
ber  of  peaks  and  valleys  at  a  certain  height.  A  surface  with 
high  negative  skewness  is  almost  flat  with  a  relatively  large 
number  of  peaks  whereas  a  surface  with  high  positive  skew¬ 
ness  consists  of  few  high  peaks.  A  surface  with  low  kurtosis 
(£<3)  has  a  relatively  large  number  of  peaks  as  compared  to 
that  of  surface  with  high  kurtosis. 

A  numerical  model  developed  by  Tian  and  Bhushan6  has 
been  used  for  the  dry  contact  analysis  of  rough  surfaces.  The 
method  is  based  on  variational  principle  in  which  the  real 
area  of  contact  and  contact  pressure  distribution  are  those 
which  minimize  the  total  complementary  potential  energy. 


The  effect  of  meniscus  force  due  to  the  presence  of  a  thin 
liquid  film  is  studied  using  the  meniscus  model  developed  by 
Tian  and  Bhushan.7  Surfaces  with  different  skewness  and 
kurtosis  were  generated  using  a  scan  size  of  20  /xmX20  /nm. 
Analyses  were  carried  out  using  mechanical  properties  of 
Al-Mg/Ni-P  disk  with  E  (elastic  modulus)  =  110  GPa,  Pois¬ 
son  ratio =0.3  6,  and  H  (hardness)  =7  GPa  against 
Al203--TiC  slider  with  £=450  GPa  and  Poisson  ratio=0.23 
and  perfluoropoly ether  lubricant  with  y  (surface  tension) =25 
dyn/cm  and  6  (contact  angle) =10°.  The  composite  modulus 
of  elasticity  of  the  interface  was  101.6  GPa.  Computer  runs 
were  made  for  a  range  of  pressures.  A  pressure  of  32.8  kPa 
corresponds  to  nominal  pressure  of  a  nanoslider  (50%).  Most 
computations  were  performed  for  hl(r=  1  where  h  is  the  liq¬ 
uid  film  thickness. 


* 

a -l  nm, B  =  0.5 jun 


FIG.  4.  Effect  of  skewness  and  kurtosis  on  fractional  area  of  contact,  contact  density,  and  relative  meniscus  force. 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


B.  Bhushan  and  S.  Chilamakuri 


5795 


G  — 


1  nm 


FIG.  5.  (a)  Peak-mean  distance  ( Rp )  and  asperity  density  as  a  function  of 
skewness  and  kurtosis.  (b)  Bearing  ratio  curves  at  different  skewness  and 
kurtosis  values. 


III.  RESULTS  AND  DISCUSSION 

Figure  4  shows  the  variation  of  fractional  real  area  of 
contact,  contact  density,  and  relative  meniscus  force  with 
skewness  and  kurtosis.  A  positive  skewness  between  0  and 
0.2  at  low  pressures  and  of  0.2  at  high  pressures,  results  in 
lowest  real  area  of  contact,  contact  density,  and  meniscus 
force.  Fewer  peaks  in  a  surface  with  positive  skewness  as 
shown  in  Fig.  3  account  for  low  real  area  of  contact  and 
meniscus  force.  Slightly  positive  skewness  gives  optimum 
number  of  peaks  and  the  highest  peak-mean  value  as  shown 
in  Fig.  5(a)  which  can  support  the  applied  load.  Thus,  it  is 
clear  that  a  positive  skewness  in  the  range  of  0-0.2  is  desir¬ 
able  with  0.2  being  the  optimum  value.  Figure  5(b)  shows 
bearing  ratio  curves  at  different  skewness  values.  Bearing 
ratio  increases  with  an  increase  in  negative  skewness  value, 
whereas  it  attains  a  minimum  value  at  a  positive  skewness  of 
0.2  and  increases  again  with  further  increase  in  skewness 
value.  Figure  4  also  shows  that  fractional  area  of  contact, 
contact  density,  and  relative  meniscus  force  decrease  with  an 
increase  in  kurtosis  of  the  surface.  A  higher  kurtosis  results 


* 

a  =  1  nm,  15  =  0.5  pm,  p  =  32.8  kPa 


FIG.  6.  Effect  of  skewness  and  kurtosis  on  relative  meniscus  force  as  a 
function  of  h/cr. 


a  =  lnm,  15  =  0.5pm,  p  =  32.8  kPa 


FIG.  7.  Interplay  of  skewness  and  kurtosis  on  fractional  area  of  contact  and 
relative  meniscus  force. 

in  higher  peak-mean  value  (Rp)  and  lower  asperity  density 
as  shown  in  Fig.  5(a),  which  gives  lower  real  area  of  contact 
and  meniscus  force.  As  shown  in  Fig.  5(b)  bearing  ratio  in¬ 
creases  with  increase  in  kurtosis  which  again  supports  the 
trends  observed  in  Fig.  4. 

Figure  6  shows  the  variation  of  relative  meniscus  force 
with  hla  ratio  at  different  values  of  skewness  and  kurtosis. 
We  note  that  sensitivity  of  h/cr  to  meniscus  force  decreases  at 
a  range  of  positive  skewness  and  kurtosis  greater  than  3. 

Next  we  study  the  interplay  of  skewness  and  kurtosis  to 
predict  an  optimum  roughness  distribution.  Figure  7  shows 
the  combined  effect  of  skewness  and  kurtosis  on  real  area  of 
contact  and  meniscus  force.  For  a  zero  or  positive  skewness, 
a  kurtosis  larger  than  3  results  in  lower  real  area  of  contact 
and  relative  meniscus  force.  The  plots  of  fractional  area  of 
contact  and  relative  meniscus  force  are  almost  flat  at  kurtosis 
values  greater  than  5.  So  the  effect  of  skewness  (^0)  is 
negligible  at  kurtosis  greater  than  5.  However  at  K<  5,  zero 
skewness  is  optimum.  Based  on  this  study,  we  conclude  that 
a  surface  with  a  kurtosis  of  about  5  or  larger  with  a  skewness 
greater  than  or  equal  to  zero  (positive  skewness  has  little 
effect)  is  optimum.  However,  if  a  surface  with  large  kurtosis 
cannot  be  manufactured,  then  a  skewness  of  0-0.2  is  desir¬ 
able  for  surface  with  K  equal  to  3-5.  Surfaces  with  negative 
skewness  and  kurtosis  less  than  3  must  be  avoided. 
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A  micro-remote  centered  compliance  suspension  for  contact 
recording  head  (abstract) 

M.  Nakao,  S.  Sugiyama,  and  Y.  Hatamura 

The  University  of  Tokyo,  Faculty  of  Engineering,  Department  of  Engineering  Synthesis ,  Tokyo,  Japan 

T.  Hamaguchi  and  K.  Watanabe 

Mechanical  Engineering  Research  Laboratory,  Hitachi,  Ltd.,  Japan 

Nowadays  contact  recording  has  become  one  of  the  most  important  mechanisms  for  high-density 
recording  of  HDD.  The  contact  recording  head  is  always  subject  to  friction  when  sliding.  If  the 
friction  causes  vibration  on  the  sliding  head,  the  swaying  of  the  head  is  likely  to  lead  to  some 
undesirable  bit  shifts.  The  authors  previously  measured  the  head  movement  in  sliding  with  a 
Watrous-type  suspension  where  it  was  verified  that  the  front  edge  of  the  head  fell  down  to  the  disk 
surface  because  the  rotational  center  of  the  pitching  motion  of  the  head  was  located  above  the 
sliding  surface,  inducing  a  heavy  sticking.  In  order  to  prevent  the  sticking  from  occurring,  we  have 
already  proposed  RCC  (remote  centered  compliance)  suspension  (15  mm  in  thickness)  which 
consists  of  a  pair  of  inclined  plates.1  With  this  suspension,  the  front  edge  of  the  head  is  raised  up 
because  of  the  enhanced  location  of  the  rotational  center  which  is  now  below  the  sliding  surface.  In 
this  article  we  present  a  newly  designed  micro-RCC  suspension  (125  pcm  in  thickness)  for  an  acutal 
small  MR  head  (IX  1X0.5  mm)  of  the  contact  recording.  It  has  two  pairs  of  the  inclined  plates 
structure  for  two-axis  frictions  which  are  caused  by  seeking  and  tracking  motions  of  the  head, 
respectively.  This  suspension  is  fabricated  from  a  125  ptm  thick  sheet  of  polyimide  using  the 
ultraviolet  laser  beam.  We  evaluate  its  movement  in  sliding  at  low  speed  (50  pum/s)  and  at  high 
speed  (2  m/s)  under  a  10  mN  load  on  a  sputtered  disk,  respectively.  The  normal  and  frictional  forces 
are  measured  by  a  micro  two-axis  force  sensor  (0.01  mN  resolution)  with  parallel-plate  structure  and 
the  pitching  motion  of  the  head  is  measured  by  an  inclination  sensor  by  means  of  laser  reflection 
angle  measurement  (10  ^arad  resolution).  From  the  experiment  at  low  speed,  we  have  clarified  that 
the  head  yields  a  stable  friction  (0.15 ±0.02  mN)  and  has  the  nose-up  attitude  (0  to  +  100  /zrad).  In 
addition,  from  the  evaluation  at  high  speed,  we  have  observed  the  stable  read-back  signal  (±7% 
modulation)  because  of  the  stable  motion  without  any  sticking.  As  a  reference  suspension,  we 
prepare  a  micro- Winchester-type  suspension.  From  the  similar  evaluation,  we  have  identified  that 
the  reference  head  shows  unstable  friction  (0.25±0.1  mN)  with  the  nose-down  attitude  (0  to  -500 
yurad)  and  an  unstable  signal  (±50%  modulation).  We  have  confirmed  through  these  observations 
that  the  micro-RCC  suspension  will  be  an  indispensable  tool  for  contact  recording  in  order  to  realize 
a  stable  recording  against  the  friction.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)46608-8] 
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Micro/nanoscale  studies  of  boundary  layers  of  liquid  lubricants 
for  magnetic  disks  (abstract) 

Vilas  N.  Koinkar  and  Bharat  Bhushan 

Computer  Microtribology  and  Contamination  Laboratory ;  206  W.  18th  Avenue ,  The  Ohio  State  University ; 
Columbus ,  O/z/o  43210-1107 

The  atomic  force/friction  force  microscope  is  used  to  study  the  micro/nanotribiological  properties  of 
perfluoropolyether  lubricants.  Single-crystal  silicon  wafers  were  lubricated  with  nonpolar  (Fomblin 
Z-15)  and  polar  (Fomblin  Z-DOL  and  Demnum  S-100)  lubricants.  The  nanowear  tests  show  that  the 
nonpolar  (Z-15)  lubricant  depleted  from  the  wear  track  within  few  cycles  whereas  polar  (Z-DOL) 
lubricant  exhibits  excellent  nanowear  resistance  with  no  degradation.  The  polar  lubricant  results  in 
a  lower  value  of  microfriction  as  compared  to  the  nonpolar  lubricant  and  unlubricated  silicon 
sample.  The  effect  of  thickness  of  polar  lubricant  is  studied  for  the  thermally  bonded  Z-DOL 
lubricant  before  and  after  wash.  Unwashed  polar  lubricant  film  with  unbonded  fraction  exhibited 
better  resistance  to  wear  than  that  of  washed  lubricant  film.  Thicker  films  are  also  more  durable. 
Wear  experiments  with  magnetic  disks  show  that  lubricant  film  on  a  supersmooth  disk  is  more 
effective  in  reduction  of  friction  and  wear  than  a  smooth  disk.  Coefficients  of  friction  on  micro-  and 
macroscales  are  compared.  Variation  in  lubricant  film  thickness  results  in  variation  in  the  coefficient 
of  friction.  Thus,  friction  force  microscopy  can  be  used  to  measure  lubricant  uniformity  with  spatial 
resolution  on  the  order  of  tens  of  nanometers.  Finally,  adhesive  experiments  show  that  bonded  film 
behaves  as  a  soft  polymeric  solid.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)  1 1 708-4] 
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Rough  surface  contact  analysis  and  its  relation  to  plastic  deformation 
at  the  head-disk  interface 

Chin  Y.  Poon  and  Bharat  Bhushan 

Computer  Micro  tribology  and  Contamination  Laboratory,  Department  of  Mechanical  Engineering , 

The  Ohio  State  University,  Columbus,  Ohio  43210-1107 

Ni-P  coated  Al-Mg  (Ni-P)  and  glass-ceramic  (GC)  substrates  for  magnetic  recording  are 
measured  by  an  atomic  force  microscope  (AFM)  using  different  scan  sizes  and  sampling  resolution. 

AFM  measurements  of  the  Ni-P  and  GC  surfaces  at  smaller  sampling  intervals  reveal  finer  details. 

The  GC  surface  contains  more  high  frequency  details  than  the  Ni-P  surface.  The  correlation  length 
/3*,  a  spatial  parameter,  is  used  in  addition  to  the  rms  roughness  Rq  to  characterize  the  surfaces. 

Contact  analysis  using  a  three-dimensional  elastic-plastic  rough  surface  contact  model  shows  that 
the  asperity  pressure  of  the  GC  surface  increases  more  rapidly  than  the  Ni-P  surface  as  the  sampling 
interval  decreases.  For  both  surfaces,  asperity  contact  starts  from  plastic  deformation,  the  scale  of 
which  depends  on  different  surface  topographical  structures.  The  GC  surface  is  shown  to  have 
higher  asperity  pressure  because  it  has  higher  frequency  structures.  The  high  frequency  structure 
will  facilitate  plastic  deformation,  and  it  can  help  explain  previously  published  results  why  the  disk 
with  Ni-P  substrate  has  better  durability  than  the  disk  with  GC  substrate  in  different  environments. 

©  1 996  American  Institute  of  Physics .  [S002 1-8979(96)  1 1 808-0] 


I.  INTRODUCTION 

Contacts  at  head-disk  interface  on  a  microscale  are  gen¬ 
erally  elastic.1  But  real  surfaces  consist  of  a  broad  range  of 
wavelengths  and  high  magnification  reveals  more  of  the  fine 
structures.  Therefore  when  contacts  are  examined  on  a 
nanoscale,  asperity  contact  size  becomes  smaller  and  asperity 
contact  pressure  becomes  higher.  Therefore,  results  of  rough 
surface  contact  analysis  depend  on  sampling  resolution.  In 
this  article,  a  three-dimensional  numerical  rough  surface  con¬ 
tact  model2  is  used  to  examine  the  contact  of  Ni-P  and  GC 
surfaces  and  study  the  effect  of  sampling  resolution  on  con¬ 
tact  pressure  and  contact  area. 

II.  MEASUREMENT  AND  CHARACTERIZATION 

Rough  surfaces  of  Ni-P  and  GC  substrates  are  measured 
by  an  atomic  force  microscope  (AFM)  using  different  square 
scan  areas  with  scan  length  of  L=64,  32,  16,  8,  4,  1,  0.5, 
0.25,  and  0.1  pm.  Each  scan  area  contains  256X256  data 
points.  Therefore,  the  sampling  interval  r  decreases  linearly 
with  L.  Figure  1  shows  the  AFM  surface  maps  of  both  sur¬ 
faces  for  L= 1  and  16  pm.  The  GC  surface  appears  to  be 
smoother  but  contains  higher  frequency  structures  than  the 
Ni-P  surface. 

Whitehouse  and  Archard3  showed  that  the  standard  de¬ 
viation  of  height  distribution  a  and  the  correlation  length  /?* 
can  be  used  to  characterize  a  rough  surface,  a  is  equal  to  rms 
of  height  distribution  Rq  for  zero  mean.  f3*  gives  information 
about  spatial  distribution  of  a  surface.  The  knowledge  of 
spatial  variation  of  surface  is  essential,  as  it  affects  the  dis¬ 
tribution  and  density  of  asperity  contacts.  A  surface  with 
shorter  wavelength  structures  has  smaller  /?*.  (. 

is  given  by  the  autocorrelation  function  (ACF).  For  a 
two-dimensional  profile  z(x)9  normalized  ACF,  R(f),  is  de¬ 
fined  as 

R(t)~  —ff  [  z(x)z(x  +  t)  dr.  (1) 

O  L  J I 


For  many  engineering  surfaces,  an  exponential  function  p  is 
found  to  fit  the  ACF.  We  have 

i?(r)  =  p(r)  =  exp|^|,  (2) 

where  1//3*  is  the  decay  rate  of  the  function.  The  correlation 
length  can  be  defined  as  p(r)=0.1  (when  r=2.3/?*)  or  p(r) 
—  lie  (when  r=/3*).  Both  forms  are  considered  to  be  a  mea¬ 
sure  of  the  length  at  which  single  height  readings  become 
statistically  independent  of  one  another.  In  this  article,  f3*  is 
given  by  p(r)~l/e. 

The  variation  of  Rq  and  /3*  with  scan  size  for  the  Ni-P 
and  the  GC  surfaces  is  shown  in  Fig.  2.  Rq  of  each  surface 
initially  increases  with  L  and  approaches  a  constant  value 
when  L  reaches  about  16  pm.  This  indicates  that  both  sur- 
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FIG.  1.  AFM  surface  maps  of  Ni-P  and  GC  surfaces  for  L- 1  and  16  pm. 
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FIG.  2.  Variation  of  rms  roughness  and  correlation  length  with  scan  size. 

faces  contain  a  long- wavelength  limit  of  16  /x m.  Therefore, 
/?*,  which  represents  the  wavelength  structure  of  a  random 
surface,  should  approach  a  constant  value  as  L  reaches  16 
/x m  for  measurements  made  at  constant  r.  But  in  the  AFM 
measurements,  r  increases  with  an  increase  in  L ,  which  is 
responsible  for  an  increase  in  /?*  with  L,  observed  in  Fig.  2. 
As  r  increases,  the  higher  frequencies  in  the  surface  cannot 
be  recorded4  and  error  in  sampling  occurs.  The  surfaces  be¬ 
ing  studied  contain  predominantly  submicron  details.  In¬ 
creasing  t  will  result  in  loss  of  high  frequencies  information. 
As  r  increases,  high  frequency  details  of  the  original  profile 
gradually  disappear  resulting  in  high  /?*.  Rq  is  a  vertical 
parameter  not  sensitive  to  r  but  is  generally  increasing  with 
L.  /3*  is  a  spatial  parameter  affected  by  both  r  and  L. 

III.  CONTACT  OF  Ni-P  AND  GC  SURFACES 

A  three-dimensional  (3D)  numerical  rough  surface  con¬ 
tact  model2  is  used  to  study  the  contact  of  a  head  slider  on 
the  Ni-P  and  the  GC  surfaces.  This  model  analyzes  elastic/ 
plastic  contact  of  two  rough  surfaces  and  predicts  the  contact 
statistics  and  contact  pressure.  Roughness  data  used  in  the 
model  are  the  3D  roughness  maps  obtained  at  a  given  scan 
size  and  sampling  interval.  For  the  asperity  undergoing  plas¬ 
tic  deformation,  the  asperity  pressure  is  taken  to  be  the  hard¬ 
ness  of  the  softer  body,  which  is  8.0  GPa.  The  head  slider  is 
a  50%  size  slider  made  of  Al203-TiC  and  is  taken  as  per¬ 
fectly  smooth.  The  Young’s  modulus  and  Poisson’s  ratio  for 
the  slider,  the  Ni-P  surface,  and  the  GC  surface  are  450  GPa 
and  0.23,  130  GPa  and  0.36,  and  130  GPa  and  0.25,  respec¬ 
tively.  The  nominal  load  Wn  is  3  g  and  the  nominal  area  An 
is  0.915  mm2,  which  gives  the  nominal  pressure  pn  of  32.8 
kPa.  In  the  contact  analysis,  the  applied  load  is  changed  for 
different  scan  sizes  according  to  different  bandwidths  in¬ 
volved  in  the  nominal  contact. 

In  Fig.  2,  Rq  of  each  surface  approaches  a  constant  value 
when  16  /mi,  which  indicates  that  the  surfaces  contain  a 
long- wavelength  limit  of  16  /xm.  Therefore,  the  applied  load 
can  be  reasonably  assumed  to  distribute  evenly  over  the  sur¬ 
face  for  16  /xm  and  is  given  by  W=pnXL2.  pn  is  equal 
to  32.8  kPa.  For  L  =  64,  32,  and  16  /xm,  the  load  W  are  134, 
33.6,  and  8.4  /xN,  respectively.  The  contact  areas  of  the  Ni-P 


(a)  (b)  (c) 


FIG.  3.  Contact  area  of  Ni-P  and  GC  surfaces  for  L- 16,  1,  and  0.5  fim. 
pn=32.%  kPa  for  L2G6  /x m  and  W- 1.7  /xN  for  L^8  /xm. 


and  GC  surfaces  for  L- 16  /xm  are  shown  in  Fig.  3(a).  How¬ 
ever,  for  L<16  /xm,  Rq  increases  with  L  because  of  different 
bandwidth  structure  for  L<16  /xm;  therefore,  the  load  cannot 
be  calculated  based  on  assumption  of  uniform  distribution  of 
load  over  the  slider  area. 

From  Fig.  3(a),  the  contact  areas  for  the  Ni-P  and  the 
GC  surfaces  are  0.035  and  0.027  /xm2,  respectively.  The 
number  of  contacts  for  both  surfaces  is  five.  Therefore,  the 
average  contact  width  for  each  asperity  contact  of  both  sur¬ 
faces  is  about  0.08  /xm  and  the  average  asperity  contact  load 
is  8.4/5  or  1.7  /xN.  Now,  this  particular  asperity  contact  is 
examined  in  finer  detail  by  reducing  the  scan  size  using  the 
same  number  of  discretized  data  points  and  assuming  that 
each  scan  size  contains  asperity  contacts.  In  this  way,  the 
scan  size  can  go  down  to  0.08  /xm  using  the  same  asperity 
contact  load.  For  a  range  of  scan  sizes  16  /xm>L^0.1  /xm, 
the  load  is  taken  as  W  =  1.7  /xN.  The  contact  areas  of  Ni-P 
and  GC  surfaces  for  L  =  8,  4,  1,  0.5,  0.25,  and  0.1  /xm  are 
calculated  and  the  contact  areas  for  L  =  1.0  and  0.1  /xm  are 
shown  in  Figs.  3(b)  and  3(c).  The  contact  areas  of  Ni-P  and 
GC  are  significantly  different;  the  contact  area  of  the  Ni-P 
surface  is  almost  twice  the  GC  surface,  and  the  individual 
asperity  contact  of  GC  is  much  smaller. 

Next,  the  effect  of  sampling  interval  on  contact  area  and 
contact  pressure  is  studied.  The  contact  area  calculated  for 
different  scan  sizes  is  modified  so  that  it  can  be  compared 
based  on  a  particular  scan  size.  For  surfaces  with  L5*  16  /xm, 
the  contacts  are  taken  as  distributed  evenly  over  the  surface; 
therefore  the  contact  area  of  the  surfaces  with  L=64  and  32 
/xm  can  be  divided  by  16  and  4,  respectively,  to  compare 
with  the  surface  with  L  =  16  /xm.  The  number  of  contacts  at 
L  =  16  /xm  is  five,  therefore  at  L  =  8  /xm  about  one  contact  is 
expected.  Therefore,  the  contact  area  for  L^8  /xm  is  consid¬ 
ered  as  the  higher  magnification  of  one  of  the  five  contact 
spots  at  L  =  16  /xm  and  it  should  therefore  be  multiplied  by 
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FIG.  4.  Variation  of  mean  contact  pressure,  maximum  contact  pressure  and 
contact  area  with  sampling  interval  for  Ni-P  and  GC  surfaces. 

five  to  compare  with  the  surface  using  L  — 16  /mm.  However, 
the  mean  contact  pressure  pm=W/Ar ,  does  not  need  to  be 
modified  with  L  because  W  and  Ar  will  change  by  the  same 
factor  for  different  L.  Using  the  preceding  argument,  the 
variation  of  contact  area  and  contact  pressure  with  sampling 
interval  is  shown  in  Fig.  4.  For  both  surfaces,  the  contact 
area  decreases  and  contact  pressure  increases  as  the  sampling 
interval  decreases.  The  contact  pressure  of  the  GC  surface  is 
always  higher  than  that  of  the  Ni-P  surface.  As  the  sampling 
interval  becomes  smaller,  the  maximum  contact  pressure 
p max  can  reach  the  hardness.  The  subsurface  stress  is  always 
higher  than  the  surface  stress  and  plastic  deformation  is  ex¬ 
pected  to  occur  before  surface  stress  reaches  the  hardness. 

IV.  DISCUSSION 

Surface  texture  plays  an  important  role  in  controlling 
friction  and  durability  at  the  head-disk  interface  (HDI).1  In 
general,  friction  and  durability  have  been  qualitatively  re¬ 
lated  to  vertical  roughness  parameters  such  as  rms  roughness 
Rq ,  center-line-average  roughness  Ra ,  peak-to-mean  dis¬ 
tance  Rp ,  peak-to- valley  distance  P-V,  and  bearing  ratio.  On 
the  other  hand,  spatial  parameters  have  rarely  been  used. 
Since  the  complex  nature  of  surface  roughness  covers  a 
broad  bandwidth  of  wavelengths,  the  measured  surface  pro¬ 
file  depends  on  the  scale  of  measurement  and  the  surface 
measuring  instruments.5  In  particular,  spatial  parameters  are 
very  sensitive  to  the  sampling  resolution. 

Whitehouse  and  Archard3  used  a  statistical  approach  for 
a  gaussian  surface  and  showed  that  the  distribution  of  peak 
heights,  curvatures,  slopes,  and  peak  density  could  be  ex¬ 
pressed  in  terms  of  Rq  and  fi*.  Their  expressions  have  shown 
a  broad  agreement  with  surface  measurements  of  different 
surfaces  used  for  magnetic  recording.6  Whitehouse  and 
Archard  further  expressed  the  plasticity  index  in  terms  of  Rq 
and  ft *.  Later,  Onions  and  Archard7  combined  the  ap¬ 
proaches  of  Greenwood  and  Williamson8  and  Whitehouse 
and  Archard.3  They  expressed  the  contact  pressure  in  terms 
of  Rqlfi*.  Hirst  and  Hollander9  provided  experimental  evi¬ 


dence  that  surface  damage  can  be  related  to  Rq  and  /?*.  It 
appears  that  ft*  can  be  used  in  addition  to  Rq  to  assess  the 
disk’s  friction  and  durability  at  HDI. 

From  Fig.  2,  Rq  of  the  Ni-P  surface  is  always  higher 
than  that  of  the  GC  surface.  Based  on  Rq  alone,  it  is  expected 
that  the  contact  pressure  for  the  Ni-P  surface  is  higher.  On 
the  contrary,  Fig.  4  shows  that  contact  pressure  for  the  GC 
surface  is  always  higher,  except  for  larger  L.  But  the  results 
for  larger  L  (higher  r)  are  not  representative  because  much 
of  the  high  frequency  structures  in  the  GC  surface  are  ex¬ 
cluded  in  the  contact  analysis.  Figure  4  shows  that  for  both 
surfaces,  the  contact  pressure  increases  and  the  contact  area 
decreases  as  r  decreases  because  finer  asperities  become  in¬ 
volved  in  the  contact.  The  GC  surface  contains  more  higher 
frequency  structures  than  the  Ni-P  surface,  which  explains 
why  the  contact  pressure  for  the  GC  surface  is  higher  than 
the  Ni-P  surface.  Results  show  that  a  spatial  parameter  such 
as  ft*  is  also  needed  to  characterize  a  rough  surface. 

From  Fig.  4,  the  asperity  contact  pressure  of  both  sur¬ 
faces  reaches  the  hardness  of  the  softer  material  at  low  r. 
This  implies  that  the  contact  of  real  surfaces  starts  from  plas¬ 
tic  deformation  on  a  nanoscale.  The  GC  surface  experiences 
a  larger  degree  of  plastic  deformation  than  Ni-P  surface  be¬ 
cause  GC  has  higher  frequency  structures  compared  to  the 
Ni-P  surface.  Bhushan  et  a/.10  have  reported  that  the  dura¬ 
bility  of  Ni-P  was  generally  better  than  the  GC  surface  in 
different  environments.  In  their  paper,  the  Rp  values  of  Ni-P 
and  GC  surfaces  were  comparable  but  the  corresponding 
AFM  surfaces  showed  that  the  GC  surface  contained  much 
higher  frequency  details.  The  wear  track  on  the  GC  surface 
showed  a  few  very  thin  continuous  scratches  and  the  corre¬ 
sponding  head  slider  contained  a  trail  of  wear  particles  after 
test.  The  wear  particles  may  be  generated  from  shearing  of 
the  asperities  by  plastic  deformation  which  can  get  trapped  at 
the  interface  resulting  in  the  three-body  abrasion.1  Based  on 
the  contact  analysis  and  the  earlier  tests  on  Ni-P  and  GC 
surfaces,  the  high  frequency  structure  in  the  GC  surface  will 
facilitate  the  plastic  deformation  and  form  wear  particles, 
which  in  turn  take  part  in  the  three-body  abrasion  process. 
Therefore,  the  high  frequency  structure  in  the  GC  surface  is 
not  desired. 

1 B.  Bhushan,  Tribology  and  Mechanics  of  Magnetic  Storage  Devices 
(Springer,  New  York,  1990). 

2X.  Tian  and  B.  Bhushan,  ASME  J.  Tribol.  118  (1996). 

3D.  J.  Whitehouse  and  J.  F.  Archard,  Proc.  R.  Soc.  London  Ser.  A  316,  97 
(1970). 

4D.  J.  Whitehouse,  in  Rough  Surfaces ,  edited  by  T.  R.  Thomas  (Longman, 
London,  1982). 

5T.  R.  Thomas,  Rough  Surfaces  (Longman,  London,  1982). 

6C.  Y.  Poon  and  B.  Bhushan,  Wear  190,  89  (1995). 

7R.  A.  Onions  and  J.  F.  Archard,  J.  Phys.  D  6,  289  (1973). 

8J.  A.  Greenwood  and  J.  B.  P.  Williamson,  Proc.  R.  Soc.  London  Ser.  A 
295,  300  (1966). 

9W.  Hirst  and  A.  E.  Hollander,  Proc.  R.  Soc.  London  Ser.  A  337,  379 
(1974). 

10 B.  Bhushan,  L.  Yang,  C.  Gao,  S.  Suri,  R.  A.  Miller,  and  B.  Marchon,  Wear 
190,44  (1995). 
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Environmental  effects  on  the  pause  mode  performance  of  metal-evaporated 
and  metal-particle  tapes 

Steven  T.  Patton  and  Bharat  Bhushan 

Department  of  Mechanical  Engineering ,  The  Ohio  State  University,  Columbus,  Ohio  43210 

A  commercial  Hi- 8  VCR  was  instrumented  to  measure  the  friction  force  between  the  rotary  heads 
and  tape  and  rms  head  output.  Pause  mode  experiments  using  metal-evaporated  (ME)  and 
metal-particle  (MP)  tapes  were  performed  at  design  tension  under  equilibrium  conditions  inside  of 
an  environmental  chamber  at  various  temperatures  and  specific  humidities  (SH  is  the  ratio  of  the 
weights  of  water  vapor  to  dry  air  in  the  mixture).  ME  tape  performed  well  only  at  high  humidity  [on 
the  order  of  80%  relative  humidity  (RH)]  in  the  operating  temperature  range  of  15.6-32.2  °C. 

Under  all  conditions,  lubricant  was  removed  from  the  ME  tape  surface,  which  resulted  in  increased 
signal  amplitude  (due  to  decreased  head  medium  spacing)  and  friction  during  individual 
experiments.  For  fixed  temperature,  increased  SH  reduced  both  the  lubricant  depletion  rate  and  the 
number  and  magnitude  of  spacing  loss  signal  dropouts.  The  thicker  water  film  maintained  on  the 
interface  components  acted  as  an  additional  replenished  lubricant,  which  reduced  the  displacement 
of  the  perfluropolyether  lubricant  from  the  tape  surface  and  acted  as  a  mediator  for  solid  debris  to 
traverse  the  contact  region  of  the  head  and  tape.  For  fixed  SH,  reduced  temperature  led  to  the  same 
improvements  due  to  increased  lubricant  viscosity  at  lower  temperatures.  Increased  lubricant 
viscosity  reduced  the  displacement  of  lubricant  from  the  tape  surface,  and  displaced  lubricant 
remained  on  the  tape  contact  region  of  the  head  surface  and  acted  as  a  mediator  for  solid  debris  to 
traverse  the  contact  region  of  the  head  and  tape.  Tests  with  MP  tape  showed  a  relative  insensitivity 
to  the  environment.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)  11908-7] 


Metal-evaporated  (ME)  and  metal -particle  (MP)  tapes 
are  leading  candidates  for  high-density  recording  applica¬ 
tions  such  as  consumer  digital  audio,  video,  and  data  pro¬ 
cessing.  The  effects  of  temperature  and  specific  humidity 
(SH  is  the  ratio  of  the  weights  of  water  vapor  to  dry  air  in  the 
mixture)  on  the  performance  of  these  tapes  must  be  under¬ 
stood  to  ensure  that  the  tapes  can  operate  satisfactorily  in  the 
operating  envelope  for  a  given  application.  Previous  studies 
showed  that  ME  tape  performance  improved  when  operated 
above  a  threshold  humidity  for  a  given  temperature  (with  a 
threshold  value  that  increased  with  temperature),  and  that 
MP  tape  performance  was  relatively  insensitive  to  the 
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environment.1,2  However,  the  effect  of  temperature  on  ME 
tape  performance  and  the  underlying  mechanisms  which  im¬ 
proved  performance  above  the  threshold  humidity  are  not 
known. 

A  commercial  Hi-8  VCR  (Sony  EV-C100)  with  four 
heads  was  instrumented  to  measure  the  friction  force  be¬ 
tween  the  rotary  heads  and  tape  and  root  mean  square  (rms) 
head  output.  The  relative  speed  between  a  rotary  head  and 
tape  is  3.8  m/s  with  an  inlet  tension  of  0.1  N.2  The  average 
pressure  at  the  contact  region  of  the  head  and  tape  is  about 
100  kPa.2  The  two  read/write  metal  in  gap  heads  have  a  core 
material  of  single-crystal  Mn-Zn  ferrite  with  crystalline  Sen- 
dust  metal  alloy  (Fe-Si-Al)  in  the  gap.  Commercially  avail¬ 
able  Hi- 8  ME  and  MP  tapes  were  used  in  this  study.3 

The  data  processing  operating  envelope  is  15.6-32.2  °C 
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FIG.  1.  Friction  force  and  head  output  during  testing  with  ME  and  MP  tape  FIG.  2.  Comparative  durability  results  of  pause  mode  experiments  using 
in  the  same  environment.  ME  tape  at  various  temperatures  and  specific  humidities. 
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FIG.  3.  Friction  force  and  head  output  during  testing  with  ME  tape  at  (a)  various  specific  humidities  at  constant  temperature  and  (b)  various  temperatures  at 
constant  specific  humidity. 


and  20%- 80%  relative  humidity  (RH)  with  a  maximum  wet 
bulb  temperature  of  25.6  °C.  Pause  mode  experiments  were 
conducted  at  design  tension  under  equilibrium  conditions  in¬ 
side  of  an  environmental  chamber  in  a  broader  envelope  at 
temperatures  ranging  from  5  to  37.8  °C  (±1  °C)  and  relative 
humidity  ranging  from  20%-80%  RH  (±1%  RH).  The  VCR 
and  tape  samples  were  placed  in  the  chamber  24  h  prior  to 
experimentation  at  a  given  condition  which  allowed  the  com¬ 
ponents  to  come  to  equilibrium.  The  friction  force  was  mea¬ 
sured  by  monitoring  the  voltage  across  the  motor  used  for 
drum  rotation,  and  the  friction  force  was  obtained  using  a 
previously  developed  calibration  procedure.3  The  calibration 
constant  was  54  mV/mN.  The  head  output  was  measured  in  a 
rms  voltage  format  using  a  rms  signal  converter.  A  sine  wave 
was  recorded  on  the  tape  at  a  wavelength  of  0.6  fim  using 
VCR  electronics.  The  motor  voltage  and  rms  head  output 
were  sampled  at  a  rate  of  4  Hz  over  the  duration  of  seven 
minute  pause  mode  experiments  using  an  analog  to  digital 
converter,  and  the  data  were  stored  in  a  personal  computer. 
The  head  and  tape  samples  were  observed  with  an  optical 
microscope  after  selected  experiments. 

Figure  1  shows  the  friction  force  and  head  output  during 
testing  with  ME  and  MP  tapes  in  the  same  environment.  ME 
tape  lacked  the  stability  in  friction  and  head  output  exhibited 
by  MP  tape.  Head  output  for  ME  tape  shows  a  rapid  increase 
to  about  +1  dB,  implying  a  decrease  in  the  head-medium 
spacing  of  about  10  nm  for  a  recorded  wavelength  of  0.6  /im 
based  on  the  Wallace  equation.  Since  the  lubricant  thickness 
is  also  10  nm,  this  implies  the  removal  of  essentially  all  of 
the  lubricant  from  the  ME  tape  surface.  After  lubricant  deple¬ 


tion,  interaction  of  the  rotary  heads  with  the  metallic  layer 
prevented  the  rapid  increase  in  head  output  observed  during 
lubricant  removal  and  generated  solid  tape  debris,  which,  at 
this  environmental  condition,  caused  signal  dropouts  upon 


Head  running  direction 


(a)  T=32.2°C  SH=0.024  (RH=80%) 


(b)  T=32.2°C  SH=0.009  (RH=30%) 


25  fim 


FIG.  4.  Optical  micrographs  of  the  entire  head  surface  (top)  and  magnified 
view  of  the  trailing  edge  (bottom)  after  running  to  (a)  point  A  in  Fig.  3(a), 
(b)  point  B  in  Fig.  3(a)  or  point  D  in  Fig.  3(b),  and  (c)  point  C  in  Fig.  3(b). 
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FIG.  5.  Friction  force  and  head  output  during  testing  with  MP  tape  at  various  temperatures  and  specific  humidities. 


traversing  the  tape  contact  region  of  the  head  surface.  The 
friction  force  increased  as  the  lubricant  was  removed,  and 
further  increased  and  became  unstable  after  lubricant  deple¬ 
tion  with  friction  spikes  temporally  correlated  to  signal  drop¬ 
outs. 

Figure  2  shows  durability  results  of  pause  mode  experi¬ 
ments  using  ME  tape  at  various  temperatures  and  SHs.  At 
constant  temperature,  increased  SH  improved  tape  perfor¬ 
mance.  At  constant  SH,  decreased  temperature  improved 
tape  performance.  At  a  given  temperature  more  water  vapor 
improved  performance,  and  the  amount  of  water  vapor 
needed  for  improved  performance  decreased  at  lower  tem¬ 
peratures.  Experiments  performed  at  various  SH  on  the  RH 
=  80%  line  yielded  good  or  excellent  results  in  the  operating 
temperature  range  of  15.6-32.2  °C.  However,  at  tempera¬ 
tures  lower  than  15.6  °C,  ME  tape  performed  satisfactorily  at 
lower  humidity  to  RH=50%. 

Figure  3(a)  shows  the  friction  force  and  head  output  at 
selected  SH  at  constant  temperature.  At  three  different  tem¬ 
peratures,  increased  SH  improved  the  performance  of  ME 
tape.  Increased  SH  reduced  the  lubricant  removal  rate,  and 
improved  signal  stability  after  the  lubricant  depletion.  The 
thicker  water  film  maintained  on  the  interface  components 
acted  as  an  additional  replenished  lubricant  and  a  mediator 
for  solid  debris  to  smoothly  traverse  the  contact  region  of  the 
head  and  tape.  Optical  micrographs  in  Figs.  4(a)  and  4(b)  of 
the  head  surface  after  testing  to  points  A  and  B  in  Fig.  3(a) 
show  a  relatively  clean  tape  contact  region  for  the  head.  Lu¬ 
bricant  transferred  to  the  leading  edge  from  the  tape,  and 
collected  on  the  trailing  edge  of  the  tape  contact  region.  The 
amount  of  lubricant  transferred  to  the  head  was  greater  after 
running  at  SH=0.009  than  at  SH=0.024,  and  thus  the  lubri¬ 
cant  removal  rate  decreased  at  higher  values  of  SH.  The 
clean  tape  contact  region  of  the  head  at  points  A  and  B  sug¬ 
gests  that  the  water  film  on  the  interface  components  must  be 
the  mediator  which  assisted  solid  debris  in  traversing  the 
contact  region  of  the  head  and  tape. 

Figure  3(b)  shows  friction  force  and  head  output  at  se¬ 
lected  temperature  at  constant  SH.  At  three  different  values 
of  SH,  decreased  temperature  reduced  the  lubricant  removal 
rate  and  improved  signal  stability  after  lubricant  depletion, 
due  to  increased  lubricant  viscosity  at  lower  temperature. 
The  average  lubricant  removal  rate  decreased  from  10  to  4.3 


nm/min,  10  to  5  nm/min,  and  6.25  to  5  nm/min  for  SH  equal 
to  0.009,  0.013,  and  0.024,  respectively,  as  the  temperature 
was  reduced  in  each  case.  In  the  cases  of  SH= 0.009  and 
0.013,  the  average  lubricant  removal  rate  was  halved  with  a 
reduction  in  temperature  of  about  15  °C.  Viscosity- 
temperature  relations  for  perfluropolyether  lubricants  show 
that  kinematic  viscosity  increases  by  about  a  factor  of  2  with 
a  15  °C  decrease  in  temperature  within  the  range  of  tempera¬ 
tures  used  in  these  experiments.4  For  SH=0.024,  the  lubri¬ 
cant  removal  rate  was  reduced  by  about  20%  for  a  smaller 
temperature  reduction  of  about  5  °C.  The  data  are  consistent 
with  the  lubricant  removal  rate  being  inversely  proportional 
to  the  viscosity.  Figures  4(b)  and  4(c)  show  optical  micro¬ 
graphs  of  the  head  surface  after  testing  to  points  D  and  C, 
respectively,  in  Fig.  3(b).  The  amount  of  lubricant  transferred 
to  the  head  was  greater  after  running  at  32.2  °C  than  at 
15.6  °C,  and  lubricant  remained  on  the  tape  contact  region  of 
the  head  after  running  at  15.6  °C.  At  lower  temperatures,  the 
lubricant  removal  rate  decreased  and  lubricant  persisted  on 
the  tape  contact  region  of  the  head  and  acted  as  a  mediator 
for  solid  debris  to  traverse  the  contact  region  of  the  head  and 
tape. 

Figure  5  shows  friction  force  and  head  output  in  differ¬ 
ent  environment  using  MP  tape.  Figures  5(a)  and  5(b)  show 
that  MP  tape  performance  was  insensitive  to  changes  in  tem¬ 
perature  at  constant  SH,  and  both  friction  and  head  output 
increased  during  each  experiment  due  to  mild  burnishing  of 
the  tape  surface.  Figures  5(b)  and  5(c)  show  that  a  thicker 
water  film  resided  on  the  interface  components  with  in¬ 
creased  SH  at  constant  temperature.  The  rapid  increase  in 
head  output  in  Fig.  5(c)  to  0.5  dB  over  the  first  40  s  of 
running  suggests  that  about  2.5  nm  of  the  water  film  on  each 
interface  component  was  removed  by  the  friction  force  ex¬ 
erted  on  the  components  during  this  time.  Subsequent  head 
output  decreased  slightly  as  the  water  film  partially  reestab¬ 
lished  on  the  head  and  tape  surfaces. 
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Spin-dependent  interface  transmission  and  reflection 
in  magnetic  multilayers  (invited) 

M.  D.  Stiles 

Electron  Physics  Group,  National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899 

First-principles  calculations  of  transmission  and  reflection  from  Ag/Fe,  Au/Fe,  Cu/Co,  and  Cu/Ni 
interfaces  show  very  strong  spin  dependence  that  differs  significantly  from  expectations  based  on 
free  electron  approximations.  The  results  can  be  used  to  understand  both  the  giant 
magnetoresistance  and  the  oscillatory  exchange  coupling  observed  in  magnetic  multilayers  of  these 
materials.  The  spin  dependence  of  the  reflection  probabilities  is  strong  enough  to  give  a  large  giant 
magnetoresistance  even  if  there  is  no  spin-dependent  defect  scattering.  The  calculated  reflection 
amplitudes  determine  the  strength  of  the  oscillatory  exchange  coupling.  [S002 1-8979(96)79608-8] 


I.  INTRODUCTION 

Magnetic  multilayers,  in  which  magnetic  layers  are  sepa¬ 
rated  by  nonmagnetic  spacer  layers,  exhibit  two  effects  in 
which  there  has  been  significant  recent  interest:  giant  mag¬ 
netoresistance  (GMR)1  and  oscillatory  exchange  coupling.2 
The  GMR  is  the  change  in  resistance  when  the  relative  ori¬ 
entation  of  the  magnetizations  in  neighboring  layers  is 
switched  by  applying  a  magnetic  field.  When  the  magnetiza¬ 
tions  are  parallel,  there  is  a  “short  circuit”  effect;  electrons 
of  one  spin  have  a  lower  average  resistance.  They  carry  more 
of  the  current,  lowering  the  total  resistance  of  the  structure 
compared  to  the  total  resistance  for  antiparallel  magnetiza¬ 
tions.  The  spin  dependence  of  the  resistance  can  come  from 
spin-dependent  defect  scattering  or  spin-dependent  interface 
reflection.  The  oscillatory  exchange  coupling  is  the  coupling 
between  the  magnetic  layers  that  oscillates  in  sign  as  a  func¬ 
tion  of  the  spacer  layer  thickness.  In  magnetic  multilayers, 
multiple  reflection  from  the  interfaces  produces  quantum 
well  states,  which  are  spin  polarized  because  the  reflection 
amplitudes  are  spin  dependent.  The  quantum  well  states  in¬ 
crease  or  decrease  in  energy  as  the  thickness  of  the  spacer 
layer  increases.  When  they  cross  the  Fermi  level,  the  energy 
gained  or  lost  from  filling  them  changes  the  relative  energies 
of  the  configurations  with  parallel  and  antiparallel  magneti¬ 
zations. 

Both  GMR  and  oscillatory  exchange  coupling  have  been 
the  subject  of  many  model  and  first-principles  calculations.3 
Model  calculations,  usually  based  on  the  free  electron  ap¬ 
proximation,  can  be  easy  to  interpret  and  give  insight  into  the 
important  mechanisms,  but  many  important  details,  related  to 
neglecting  the  appropriate  band  structure,  are  not  included. 
First-principles  calculations  implicitly  include  many  of  these 
details,  but  extracting  underlying  mechanisms  from  the  re¬ 
sults  can  be  difficult.  It  can  be  quite  useful  to  combine  the 
best  of  both  approaches  and  carry  out  first-principles  calcu¬ 
lations  of  the  band-structure-related  details  used  in  model 
calculations.  Among  such  details,  spin- dependent  transmis¬ 
sion  and  reflection  probabilities,  particularly  those  for  Fermi 


surface  electrons,  play  an  important  role  in  both  the  GMR 
and  the  oscillatory  exchange  coupling. 

Here,  I  present  first-principles  calculations  of  the  spin- 
dependent  transmission  and  reflection  probabilities  for  the 
(001)  interfaces  of  Ag/Fe,  and  Au/Fe  and  the  (001),  (111), 
and  (110)  interfaces  of  Cu/Co  and  Cu/Ni.  I  discuss  the  im¬ 
plications  of  the  results  for  the  transport  properties  of  these 
systems  and  compute  the  strengths  of  the  oscillatory  ex¬ 
change  coupling. 

II.  TRANSMISSION  AND  REFLECTION  PROBABILITIES 

In  structures  in  which  there  is  a  single  interface  between 
two  materials,  an  electron  propagating  toward  the  interface 
can  either  transmit  or  reflect.  If  the  interface  is  coherent,  that 
is,  the  two  materials  are  well  lattice  matched,  then  the  mo¬ 
mentum  parallel  to  the  interface  is  conserved  during  trans¬ 
mission  and  reflection.  Far  enough  from  the  interface,  the 
time-independent  scattering  states  for  this  process  consist  of 
linear  combinations  of  bulk  Bloch  states.  On  one  side  of  the 
interface,  they  each  consist  of  one  Bloch  state  propagating 
toward  the  interface  plus  one  or  more  reflected  Bloch  states 
propagating  away  from  the  interface,  and  on  the  other  side, 
they  consist  of  zero  or  more  transmitted  Bloch  states  propa¬ 
gating  away  from  the  interface.  Close  to  the  interface,  the 
scattering  states  consist  of  these  Bloch  states  plus  evanescent 
contributions  that  decay  exponentially  with  distance  from  the 
interface.  The  transmission  and  reflection  probabilities  are 
just  the  flux  in  the  transmitted  and  reflected  Bloch  states 
divided  by  the  flux  in  the  incident  Bloch  state.  The  two  prob¬ 
abilities  sum  to  one. 

The  calculation4  of  the  time-independent  scattering 
states  starts  by  breaking  space  up  into  layers.  The  potential  is 
computed  for  each  layer  from  a  bulk  electronic  structure  cal¬ 
culation  (a  linearized-augmented-plane-wave  implementa¬ 
tion  of  the  local  spin-density  approximation).  Generalized 
Bloch  states  for  a  layer  are  computed  from  the  potential  in 
the  layer.  Generalized  Bloch  states  are  related  to  Bloch  states 
by  allowing  the  component  of  the  wave  vector  normal  to  the 
interface  to  be  complex.  They  form  a  complete  set  of  states, 
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FIG.  1.  Spin-dependent  transmission  probabilities  for  Au/Fe(001).  The 
transmission  probabilities  are  shown  for  various  points  on  the  Fermi  surface 
projected  onto  the  interface  Brillouin  zone.  The  gray  scale  for  the  transmis¬ 
sion  probability  is  at  the  top.  The  top  (bottom)  two  panels  show  the  trans¬ 
mission  for  electrons  from  the  Au  (Fe)  into  the  Fe  (Au).  The  two  right  (left) 
panels  show  the  transmission  probabilites  for  the  minority  (majority)  elec¬ 
trons. 


which  includes  the  usual  Bloch  states  and  all  evanescent 
states,  and  consequently  describe  any  time-independent  solu¬ 
tion  of  Schrodinger’s  equation  for  arbitrary  boundary  condi¬ 
tions.  The  generalized  Bloch  states  for  the  two  materials  are 
matched  together  across  the  interface  to  construct  the  elec¬ 
tron  scattering  states,  giving  the  reflection  and  transmission 
amplitudes  directly. 

The  calculations  for  Cu/Ni  and  Cu/Co,  where  the  Co  is 
face-centered  cubic,  use  the  bulk  lattice  constant  of  Cu  for 
both  materials.  Face-centered  cubic  Ag  and  Au  are  quite  well 
lattice  matched  with  body-centered  cubic  Fe  is  the  (001) 
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FIG.  3.  Spin-dependent  transmission  probabilities  for  Cu/Ni(001).  See 
Fig.  1. 


planes  are  rotated  45°  with  respect  to  each  other.  The  calcu¬ 
lations  for  Au/Fe  and  Ag/Fe  use  the  bulk  lattice  constant  for 
Fe  and  a  very  slight  tetragonal  distortion,  based  on  their  bulk 
elastic  constants,  for  Au  and  Ag. 

Figures  1-4  show  the  transmission  probabilities  across 
interfaces  between  these  pairs  of  materials  calculated  for 
states  on  the  Fermi  surfaces  of  both  materials.  The  Fermi 
surfaces  are  shaded  according  to  the  transmission  probability 
for  each  state,  and  then  they  are  projected  into  the  interface 
Brillouin  zone.  For  simple  Fermi  surfaces  and  certain  inter¬ 
face  orientations,  there  is  only  one  state  moving  toward  the 
interface  at  each  parallel  wave  vector.  Grouped  together, 
these  states  form  a  sheet  of  the  Fermi  surface.  For  the  inter¬ 
faces  with  only  one  sheet  of  states  moving  toward  the  inter¬ 
face,  that  sheet  is  shown  in  the  whole  interface  Brillouin 


FIG.  2.  Spin-dependent  transmission  probabilities  for  Cu/Co(001).  See  FIG.  4.  Spin-dependent  transmission  probabilities  for  Cu/Co(  110)  and  Cu/ 
Fig.  1.  Co(lll).  See  Fig.  1. 

5806  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


M.  D.  Stiles 


TABLE  I.  Transmission  probabilities  averaged  over  the  Fermi  surface. 


Into 

From 

minority 

majority 

minority 

majority 

Ag/Fe(001) 

0.16 

0.86 

0.14 

0.36 

Au/Fe(001) 

0.17 

0.84 

0.16 

0.37 

Cu/Co(001) 

0.49 

0.79 

0.27 

0.95 

Cu/Co(lll) 

0.54 

0.73 

0.33 

0.94 

Cu/Co(110) 

0.44 

0.66 

0.29 

0.92 

Cu/Ni(001) 

0.72 

0.73 

0.33 

0.93 

Cu/Ni(lll) 

0.80 

0.67 

0.38 

0.92 

Cu/Ni(110) 

0.62 

0.63 

0.31 

0.60 

zone.  For  other  interface  orientations,  or  for  complicated 
Fermi  surfaces,  the  Fermi  surface  has  several  sheets.  That  is, 
at  some  parallel  wave  vectors  there  is  more  than  one  state 
moving  toward  the  interface.  For  Fe,  minority  Co  and  Ni, 
Cu(110),  and  majority  Co(110),  each  sheet  is  shown  in  a 
fraction  of  the  Brillouin  zone.  The  behavior  over  the  full 
Fermi  surface  is  found  by  rotating  each  sheet  into  each  frac¬ 
tion  of  the  Brillouin  zone  and  stacking  the  sheets  on  top  of 
each  other.  Table  I  gives  the  average  over  the  Fermi  surface 
of  the  transmission  probabilities. 

Some  general  features  of  these  results  are  straightfor¬ 
ward  to  understand.  For  example,  states  reflect  completely  if 
there  are  no  states  in  the  other  material  with  the  same  parallel 
momentum.  In  addition,  the  symmetry  of  the  states  is  impor¬ 
tant.  Fermi  surface  states  have  s-p  character  for  noble  met¬ 
als  and  majority  states  in  Co  and  Ni,  but  they  have  mainly  d 
character  for  minority  states  and  Fe  majority  states.  States 
with  s-p  character  tend  to  couple  well  to  one  another  and  to 
states  with  dz2  character,  but  couple  weakly  to  other  d- like 
states.  At  high  symmetry  points,  like  the  zone  center,  T, 
these  symmetry  requirements  become  strict  and  some  states, 
like  the  minority  states  in  Au/Fe,  reflect  completely  even 
though  there  are  states  with  the  same  parallel  wave  vector. 

Au/Fe  (Fig.  1)  and  Ag/Fe  (similar,  but  not  shown)  both 
show  very  good  transmission  into  the  majority  states  of  Fe 
and  poor  transmission  into  the  minority  states.  In  the  reverse 
direction  the  difference  is  much  smaller,  because  there  are 
many  majority  states  that  have  very  small  transmission  prob¬ 
abilities.  These  systems  contain  minority  electrons  that  are 
largely  confined  to  each  separate  material,  majority  electrons 
that  transmit  freely  between  them,  and  majority  electrons 
confined  to  the  ferromagnetic  material. 

The  potentials  in  Cu  are  very  similar  to  the  potentials  for 
the  majority  electrons  in  Co  and  Ni,  but  significantly  differ¬ 
ent  from  those  for  the  minority.  This  spin  dependence  leads 
to  strongly  spin-dependent  scattering  from  substitutional  im¬ 
purities  in  these  systems,5,6  and  strongly  spin-dependent 
transmission  across  interfaces,  Figs.  2-4.  The  majority 
Fermi  surfaces  in  Co  and  Ni  are  similar  to  the  Fermi  surfaces 
in  Cu,  but  are  smaller.  The  similarities  lead  to  almost  com¬ 
plete  transmission  from  the  majority  states  in  the  ferromag- 
net  into  the  nonmagnetic  material,  but  the  smaller  sizes  lead 
to  complete  reflection  for  the  states  in  Cu  with  group  veloci¬ 
ties  parallel  to  the  interface.  The  transmission  from  Cu  into 
minority  states  is  not  simply  characterized.  Some  electrons 


transmit  well,  some  completely  reflect,  but  most  exhibit  in¬ 
termediate  behavior.  The  complicated  behavior  arises  from 
the  complicated  nature  of  the  minority  Fermi  surfaces  of  Co 
and  Ni.  Overall,  the  results  do  not  vary  much  with  interface 
orientation.  It  seems  likely  that  transport  calculations,  which 
average  in  some  way  over  all  of  the  states,  will  have  only  a 
weak  orientation  dependence. 

These  transmission  probabilities  can  be  contrasted  with 
those  from  free  electron  approximations.  Projecting  spherical 
free-electron  Fermi  surfaces  on  to  the  interface  Brillouin 
zone  gives  circles  of  different  radii.  States  with  parallel  wave 
vectors  less  than  the  Fermi  wave  vectors  of  the  materials  on 
either  side  of  the  interface  transmit  well.  When  the  parallel 
wave  vector  becomes  close  to  the  smaller  of  the  two  Fermi 
wave  vectors,  the  transmission  goes  to  zero,  and  reflection  is 
complete  for  states  with  a  parallel  wave  vector  greater  than 
the  smaller  Fermi  wave  vector.  This  free  electron  behavior  is 
a  reasonable  description  of  the  behavior  for  the  majority 
states  in  Cu/Co  and  Cu/Ni,  but  not  for  the  minority  states,  or 
for  Au/Fe(001)  or  Ag/Fe(001). 

III.  GIANT  MAGNETORESISTANCE 

Strongly  spin-dependent  interface  reflection  can  lead  to  a 
GMR  effect  even  if  there  is  no  spin  dependence  to  the  defect 
scattering.  For  the  case  of  current  perpendicular  to  the  inter¬ 
faces,  a  contribution  to  the  GMR  comes  from  the  spin  de¬ 
pendence  of  the  resistance  associated  with  each  interface. 
For  current  flow  parallel  to  the  interface  there  is  no  resistance 
associated  with  reflection.  However,  if  the  defect  scattering 
rates  are  different  in  the  ferromagnetic  layers  and  nonmag¬ 
netic  layers,  spin-dependent  interface  reflection  will  still  con¬ 
tribute  to  the  GMR  as  discussed  below. 

GMR  is  usually  observed  in  samples  in  which  the  elastic 
mean  free  paths  and  the  thicknesses  of  the  layers  are  compa¬ 
rable  and  both  lengths  are  much  less  than  the  spin  diffusion 
length.  The  essential  physics  is  most  easily  understood  from 
semiclassical  calculations,  which  are  valid  when  the  layer 
thicknesses  are  much  greater  than  the  mean  free  paths.  Here, 
I  discuss  GMR  from  such  a  semiclassical  perspective,  and 
note  some  corrections  that  are  a  consequence  of  the  mean 
free  paths  being  comparable  to  the  thicknesses.  I  also  assume 
that  the  spin  diffusion  length  is  infinite.  Throughout  this  dis¬ 
cussion,  GMR  is  caused  by  a  short  circuit  effect.  When  the 
magnetizations  are  antiparallel,  electrons  of  both  spins  have 
the  same  average  resistance.  When  the  magnetizations  are 
parallel,  electrons  of  one  spin  have  a  higher  resistance  and 
those  of  the  other  a  lower  resistance.  The  electrons  with  the 
lower  resistance  carry  more  of  the  current,  lowering  the  re¬ 
sistance  of  both  spins  taken  together.  Thus  the  resistance  of 
the  structure  is  lower  than  the  magnetizations  are  parallel. 

Current  flow  perpendicular  to  interfaces  that  reflect  elec¬ 
trons  requires  that  there  be  a  chemical  potential  difference 
across  the  interface,  even  if  there  is  no  defect  scattering  at 
the  interface.7  For  interface  separated  by  much  more  than  the 
mean  free  path,  the  amount  of  current  crossing  the  interface 
is  proportional  to  the  chemical  potential  difference  across  the 
interface.  This  proportionality  means  that  there  is  a  resis¬ 
tance  associated  with  each  interface  even  if  the  momentum 
randomization  occurs  elsewhere  in  the  sample.  This  resis- 
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tance  is  independent  of  the  separation  of  the  interfaces  and 
the  bulk  scattering  rates,  provided  the  interfaces  are  suffi¬ 
ciently  far  apart. 

If  the  reflection  probability  is  spin  dependent,  the  resis¬ 
tance  of  the  interface  is  also.  Thus,  if  electrons  of  only  one 
spin  transmit  freely  through  all  the  interfaces  in  the  structure, 
those  electrons  will  have  a  lower  resistance  when  the  mag¬ 
netizations  in  the  ferromagnetic  layers  are  parallel.  They 
cause  the  short  circuit  effect  that  gives  the  GMR.  The  inter¬ 
face  resistance  is  dominated  by  electrons  moving  perpen¬ 
dicular  to  the  interface;  these  tend  to  be  close  to  the  zone 
center.  It  is  clear  from  Figs.  1  and  2  that  this  effect  will  give 
a  large  contribution  to  the  GMR  for  Au/Fe(001),  Ag/Fe(001), 
and  Cu/Co(001),  but  from  Fig.  3  it  will  be  much  smaller  for 
Cu/Ni(001).  For  most  of  these  systems,  the  spin  dependence 
of  the  interface  resistance  is  much  greater  than  it  would  be  in 
free  electron  models.  In  those  models,  the  electrons  close  to 
the  zone  center  reflect  only  weakly  from  both  the  majority 
and  the  minority  states  and  do  not  contribute  to  the  GMR. 

When  the  separation  between  interfaces  becomes  com¬ 
parable  to  the  mean  free  path  in  the  material  between  them, 
interference  between  electrons  reflecting  from  different  inter¬ 
faces  modifies  the  transport  so  that  the  interface  resistance  is 
no  longer  associated  with  a  single  interface.  For  periodic 
interfaces  closer  than  a  mean  free  path,  the  Bloch  states  of 
the  superlattice  become  the  appropriate  basis  for  treating  the 
scattering.  In  this  regime,  which  has  been  used  in  all  first- 
principles  calculations  to  date,5,6,8  the  contribution  to  the  re¬ 
sistance  from  the  interfaces  becomes  obscured,  but  is  still 
present. 

The  electronic  structure  of  multilayers  and  superlattices 
can  be  constructed  piecewise  from  the  electronic  structures 
of  the  bulk  materials  and  the  interface  reflection  amplitudes.9 
Such  a  construction  allows  the  electronic  structure  of  multi¬ 
layers  and  superlattices  to  be  understood  in  terms  of  these 
simpler  parts.  Where  the  reflection  probability  is  small,  the 
states  tend  to  propagate  readily  through  the  whole  structure, 
but  when  the  reflection  probabilities  are  large,  the  states  tend 
to  localize  in  one  material.  In  superlattices,  reflection  from 
the  interfaces  produces  gaps  in  the  Fermi  surface  of  the  su¬ 
perlattice.  When  states  are  freely  propagating  through  the 
superlattice,  these  gaps  are  small,  but  when  the  states  are 
localized  the  gaps  become  large.  The  results  shown  in  Fig.  2 
explain  the  spin-dependent  gaps  found  for  Cu/Co(001) 
superlattices.10  That  calculation  shows  that  even  when  there 
is  no  defect  scattering,  this  spin  dependence  leads  to  a  GMR 
effect  in  a  point  contact.10 

For  current  parallel  to  the  interface,  “channeling”  can 
make  an  important  contribution  to  the  GMR,  as  seen  in  stud¬ 
ies  based  on  free-electron  models.11  Channeling  occurs  for 
any  multilayer  in  each  layer  in  which  electrons  are  strongly 
reflected  from  both  its  interfaces.  If  the  scattering  rate  in  that 
layer  is  lower  than  it  is  in  neighboring  layers,  electrons  in 
that  layer  which  strongly  reflect  see  a  lower  effective  scat¬ 
tering  rate  than  they  would  in  the  absence  of  reflection.  In 
magnetic  multilayers,  channeling  contributes  to  the  GMR 
only  for  parallel  wave  vectors  for  which  there  is  strong  re¬ 
flection  for  one  spin,  but  not  the  other.  In  this  case,  channel¬ 
ing  does  not  occur  for  electrons  of  either  spin  in  antiferro¬ 


magnetic  alignment  because  both  transmit  through  one  or  the 
other  interface.  On  the  other  hand,  for  ferromagnetic  align¬ 
ment,  electrons  of  one  spin  are  confined  to  the  layer,  and  if 
that  layer  has  a  lower  scattering  rate,  these  electrons  cause  a 
short  circuit  effect,  giving  a  GMR. 

In  the  Cu/Co  and  Cu/Ni  systems,  the  electrons  in  Cu 
with  the  largest  velocities  parallel  to  the  interfaces  reflect 
completely  from  the  majority  states  due  to  the  mismatch  in 
the  Fermi  surfaces.  Since  the  same  states  transmit  well  into 
the  minority  states,  channeling  by  these  electrons  will  give  a 
large  contribution  to  the  GMR  if  the  scattering  rate  in  Cu  is 
much  smaller  than  it  is  in  Co.  Closer  to,  but  not  at,  the  zone 
center,  there  are  additional  channeling  contributions  to  the 
GMR  from  states  that  are  strongly  reflected  from  the  Co 
minority  states,  but  are  readily  transmitted  into  the  Co  ma¬ 
jority  states. 

Free  electron  models  will  not  correctly  describe  these 
channeling  effects.  In  free  electron  models,  the  minority 
Fermi  surface  is  smaller  than  the  majority  Fermi  surface. 
Thus,  the  electrons  in  Cu  with  the  largest  velocities  parallel 
to  the  interfaces  will  reflect  completely  from  both  the  major¬ 
ity  and  the  minority  states  and  not  contribute  to  the  GMR. 
On  the  other  hand,  there  will  be  a  contribution,  not  found  in 
the  present  results,  from  electrons  with  parallel  wave  vectors 
between  the  majority  and  minority  Fermi  wave  vectors.  Fi¬ 
nally,  free  electron  models  will  not  include  the  contribution 
for  electrons  closer  to  the  zone  center  found  in  the  present 
results. 

For  the  Au/Fe(001)  and  Ag/Fe(001),  the  difference  in 
reflectivity  is  so  large  over  the  Fermi  surface  that  channeling 
will  be  a  very  big  effect,  even  though  the  electrons  in  the 
noble  metal  that  are  moving  parallel  to  the  interface  reflect 
strongly  from  both  majority  and  minority  states  and  do  not 
give  a  channeling  contribution  to  the  GMR. 

There  is  an  additional  interface  contribution  to  the  GMR 
for  parallel  transport  in  supercell  calculations.8,10  Here,  the 
group  velocities  of  the  states  at  the  Fermi  surface  of  the 
supercell  are  modified  by  the  multiple  reflection  at  the  inter¬ 
faces.  This  effect  is  related  to  the  gaps  in  superlattice  Fermi 
surfaces  discussed  above.  The  different  group  velocities  at 
the  spin-dependent  Fermi  surfaces  in  different  configurations 
lead  to  a  GMR. 

The  results  presented  there  make  it  clear  that  free- 
electron  models  will  not  accurately  predict  the  size  of  either 
the  interface  resistance  or  the  channeling  effect.  Free  elec¬ 
tron  descriptions  are  reasonable  only  for  majority  electrons 
in  Cu/Co  and  Cu/Ni,  but  the  contribution  to  the  GMR  de¬ 
pends  on  the  difference  in  reflection  between  majority  and 
minority  systems. 

IV.  OSCILLATORY  EXCHANGE  COUPLING 

The  exchange  coupling  between  ferromagnetic  layers 
separated  by  nonmagnetic  spacer  layers  is  a  product  of  geo¬ 
metrical  properties  of  the  Fermi  surface  of  the  spacer  layer 
material  and  the  reflection  amplitudes  from  the 
interfaces.12,13  There  are  oscillatory  contributions  to  the  cou¬ 
pling  from  parallel  wave  vectors  where  two  sheets  of  the 
Fermi  surface  are  parallel  to  each  other  and  have  opposite 
group  velocities  in  the  interface  direction.  For  large  spacer 
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TABLE  H.  Coupling  strength  due  to  various  stationary  points  on  the  spacer 
layer  Fermi  surfaces,  see  Eq.  (1). 


Interface 

kx 

(nm-’) 

ky  . 
(nm-1) 

Period 

(nm) 

Period 

(layers) 

77(1.0  nm)2 
(mJ/m2) 

Ag/Fe(001) 

0.00 

0.00 

1.34 

6.5 

3.1 

Ag/Fe(001) 

9.41 

0.00 

0.50 

2.44 

0.36 

Au/Fe(001) 

0.00 

0.00 

2.12 

10.3 

1.1 

Au/Fe(001) 

9.12 

0.00 

0.51 

2.49 

2.0 

Cu/Co(001) 

0.00 

0.00 

1.16 

6.4 

0.12 

Cu/Co(001) 

9.92 

0.00 

0.47 

2.58 

11 

Cu/Co(lll) 

14.22 

0.00 

0.90 

4.3 

0.67 

Cu/Co(110) 

0.00 

0.00 

0.26 

2.07 

27 

Cu/Co(110) 

0.00 

12.31 

0.34 

2.65 

0.029 

Cu/Co(110) 

8.71 

12.31 

0.32 

2.52 

0.16 

Cu/Co(110) 

8.71 

12.31 

1.23 

9.7 

1.3 

Cu/Ni(001) 

0.00 

0.00 

1.16 

6.4 

0.005 

Cu/Ni(001) 

9.92 

0.00 

0.47 

2.58 

10 

Cu/Ni(lll) 

14.22 

0.00 

0.90 

4.3 

0.26 

Cu/Ni(110) 

0.00 

0.00 

0.26 

2.07 

1.2 

Cu/Ni(110) 

0.00 

12.31 

0.34 

2.65 

0.003 

Cu/Ni(110) 

8.71 

12.31 

0.32 

2.52 

0.008 

Cu/Ni(110) 

8.71 

12.31 

1.23 

9.7 

0.07 

layer  thicknesses,  Z),  each  of  these  critical  spanning  vectors, 
indexed  by  a ;  makes  a  contribution,  Ja  of  the  form 


^2  sin (q“D+<pa)  = 


hvaLK 

4tt2D 


2  Im[Ar“Ar“e'^e'^], 


(1) 


where  v“  is  the  component  of  the  effective  group  velocity  in 
the  interface  direction,  Ka  is  the  radius  of  curvature  of  the 
Fermi  surface,  A  r“(B)  is  the  spin  difference  in  the  reflection 
amplitude  for  the  left  (right)  interface,  q  “  is  the  critical  span¬ 
ning  vector,  which  determines  the  period  of  the  oscillation 
La=2ir/q‘l,  x“  is  a  phase  from  the  type  of  critical  point 
(maximum,  minimum,  saddle  point),  and  4>a  is  the  resulting 
phase.  (The  reflection  amplitudes  are  complex.)14  Table  II 
gives  the  coupling  strengths  for  all  of  the  critical  points  for 
these  systems.  These  critical  points  are  the  same  as  those 
identified  from  experimental  Fermi  surfaces  by  Bruno  and 
Chappert.15 

For  Ag/Fe  and  Au/Fe  the  critical  point  at  T  (the  interface 
zone  center)  gives  a  long-period  oscillation.  Here  the  reflec¬ 
tion  probability  for  the  minority  spins  is  exactly  one  and  for 
the  majority  spins  it  is  close  to  zero.  The  other  critical  points, 
along  the  A  line  close  to  the  zone  boundary,  produce  a  short- 
period  oscillation.  At  these  points,  the  reflection  probability 
is  increasing  rapidly  as  a  function  of  parallel  wave  vector  for 
the  majority  states  and  decreasing  rapidly  for  the  minority 
states.  These  rapid  changes  lead  to  a  large  uncertainty  in  the 
coupling  strengths  for  these  critical  points.  For  Au/Fe,  the 
ratio  of  the  strengths  for  the  two  periods  happens  to  be  close 
to  the  experimentally  determined  ratio  of  2.1, 16  but  for  Ag/Fe 
the  ratio  is  very  far  from  the  experimental  ratio  of  1.0. 17  All 
the  coupling  strengths  are  roughly  an  order  of  magnitude 
larger  than  measured  values.18 

The  Cu/Co  systems  have  been  extensively  studied 
experimentally19  and  theoretically.20-24  Previous  theoretical 
results  are  similar  to  the  results  found  here.  For  the  (001) 
interface,  the  critical  points  along  A  give  a  strong  short- 


period  oscillation  and  the  critical  point  at  T  gives  a  long- 
period  oscillation  that  is  weak  because  both  spins  reflect 
weakly.  For  the  (111)  interface  the  critical  points  at  the  necks 
along  the  zone  boundary  give  strong  coupling.  For  the  (110) 
interface,  there  are  four  critical  spanning  vectors,  including 
one  at  the  zone  boundary  which  gives  a  strong  long-period 
oscillation  and  one  at  f  which  gives  an  extremely  strong 
short-period  oscillation.  The  Cu/Ni  systems  have  received 
much  less  attention.  The  differences  in  coupling  strength 
compared  to  Cu/Co  are  due  to  the  differences  in  reflection 
amplitudes. 

As  was  the  case  for  the  Au/Fe  and  Ag/Fe  systems,  the 
calculated  coupling  strengths  for  Cu/Co  are  much  stronger 
than  those  measured  experimentally.  In  my  opinion,  the  dif¬ 
ference  results  from  calculations  being  done  for  ideal  inter¬ 
faces  while  measurements  are  made  on  systems  with  inter¬ 
diffusion  and  steps  and  other  defects  at  the  interfaces. 
Interface  defects  reduce  reflection  amplitudes  by  scattering 
electrons  into  all  parallel  wave  vectors.  Reduced  reflection 
amplitudes  lead  to  reduced  coupling  strengths.  The  experi¬ 
mental  determination  of  the  structural  properties  of  the  inter¬ 
faces  will  allow  a  more  detailed  comparison  between  theory 
and  experiment. 

The  major  source  of  error  in  this  work  is  the  deviation  of 
the  Fermi  surfaces  calculated  in  the  local  spin-density  ap¬ 
proximation  from  the  actual  Fermi  surfaces.  Comparing  pre¬ 
dicted  periods  with  those  found  from  the  measured  Fermi 
surfaces15  gives  an  estimate  of  this  error.  Differences  range 
up  to  ±20%.  Lee  and  Chang23  compute  coupling  strengths 
for  Cu/Co  using  empirical  tight  binding  and  Eq.  (1).  Since 
they  fit  their  band  structures  for  Cu  to  de  Haas- van  Alphen 
data,  the  contributions  to  the  coupling  from  the  geometrical 
factors  are  more  accurate  in  their  calculations.  On  the  other 
hand,  the  reflection  probabilities,  which  they  calculate  in  a 
parametrized  tight-binding  approach,  are  less  reliable.  Their 
results  disagree  with  the  present  calculations  by  up  to  a  fac¬ 
tor  of  2.  A  less  significant  source  of  error  in  this  work  is  the 
neglect  of  self-consistency  in  the  interface  potential. 
Experience4  suggest  that  introducing  a  self-consistent  poten¬ 
tial  leads  to  only  small  changes  in  the  reflection  and  trans¬ 
mission  amplitudes. 


V.  SUMMARY 

First-principles  calculations  of  transmission  and  reflec¬ 
tion  from  Ag/Fe,  Au/Fe,  Cu/Co,  and  Cu/Ni  interfaces  show 
very  strong  spin  dependence.  The  behavior  of  the  spin- 
dependent  transmission  and  reflection  probabilities  is  signifi¬ 
cantly  more  complicated  than  expected  from  free  electron 
models.  The  complications  arise  because  many  of  the  rel¬ 
evant  Fermi  surfaces  are  significantly  more  complicated  than 
spheres.  The  spin-dependence  of  the  reflection  from  inter¬ 
faces  is  enough  to  give  a  large  GMR  even  if  there  is  no 
spin-dependent  defect  scattering.  For  perpendicular  trans¬ 
port,  it  leads  to  a  spin-dependent  resistance  associated  with 
each  interface.  For  parallel  transport,  it  leads  to  channeling, 
which  gives  a  GMR  if  the  scattering  rates  are  different  in  the 
two  materials.  The  calculated  reflection  amplitudes  predict 
strengths  of  the  oscillatory  exchange  coupling  which  are 
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much  greater  than  those  observed  experimentally.  This  dis¬ 
agreement  is  probably  due  to  the  assumed  perfection  of  the 
interfaces. 
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How  predictable  is  the  current  perpendicular  to  plane 
magnetoresistance?  (invited) 
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Prior  measurements  of  the  current  perpendicular  to  the  layer  planes  (CPP)  resistances,  taken  on 
Co/Cu/Py/Cu  (Py=Ni84Fe16)  multilayers  with  a  single  pair  of  Co  and  Py  thicknesses,  are  extended 
to  three  additional  pairs  of  thicknesses.  The  same  parameters,  obtained  from  independent 
measurements  on  Co/Cu  and  Py/Cu  multilayers  that  fit  the  original  pair  reasonably  well,  fit  the  three 
new  pairs  almost  as  well,  from  which  we  conclude  that  there  is  substantial  predictability  in  the  CPP 
magnetoresistance  (MR).  Because  the  predictability  is  not  perfect,  we  examine  the  extent  to  which 
we  can  improve  the  fits  to  the  Co/Cu/Py/Cu  data  by  varying  the  Py/Cu  and  Co/Cu  parameters  within 
their  uncertainties,  without  substantially  weakening  the  fits  to  the  original  Co/Cu  and  Py/Cu  data. 
We  conclude  by  presenting  the  first  CPP-MR  measurements  on  Co/Ag/Py/Ag  multilayers.  The  data 
are  similar  to  those  for  Co/Cu/Py/Cu  multilayers,  but  the  Co/Ag/Py/Ag  MRs  are  noticeably  larger. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)54508-1] 


I.  INTRODUCTION 

For  both  scientific  and  technological  reasons,  the  giant 
(G)  magnetoresistance  (MR)  in  magnetic  multilayers  consist¬ 
ing  of  alternating  layers  of  ferromagnetic  (F)  and  nonmag¬ 
netic  (N)  metals  continues  to  be  a  topic  of  great  interest.1,2 
Since  tailoring  of  F/N  systems  for  specific  uses  will  likely 
require  new  combinations  of  F  and  N  elements,  one  major 
goal  of  GMR  studies  is  to  be  able  to  predict  the  behavior  of 
samples  involving  these  new  combinations,  using  parameters 
derived  from  old  ones.  The  fundamental  parameters  are  those 
that  characterize  the  magnitude  and  spin  asymmetry  of  elec¬ 
tron  scattering  in  the  bulk  of  the  F  metal  and  at  the  F/N 
interfaces.2-5 

In  the  present  paper,  we  extend  a  prior  test,6,7  of  the 
predictability  at  4.2  K  of  the  current  perpendicular  to  the 
layer  planes  (CPP)8  specific  resistances,  ARt  (area  A  times 
total  resistance  Rt),  of  three-component  Co/Cu/Py/Cu  multi¬ 
layers  using  parameters  determined  without  adjustment  from 
measurements  of  the  two-component  multilayers  Co/Cu9,10 
and  Py/Cu10, 11  (Py=Ni84Fe16). 

Quantitative  tests  of  predictability  are  easier  in  the  CPP 
geometry  than  in  the  usual  geometry  with  current  in  the  layer 
planes  (CIP),2  because  the  analytical  expressions  are  much 
simpler.  We  have  shown  that  the  CPP  ARts  at  4.2  K  of 
Co/Ag,3,12  Co/Cu,9,10  and  Py/Cu10,11  multilayers  can  be  de¬ 
scribed  rather  well  by  a  phenomenological  two-current, 
series-resistor  model,3,10-12  that  has  now  been  well  validated 
theoretically4,13,14  in  the  experimentally  relevant  limit  where 
the  electron  spin-flip  diffusion  length  is  much  larger  than  the 
F  and  N  metal  layer  thicknesses,  tF  and  tN .  Electrons  in  the 
multilayer  can  then  be  divided  into  two  classes  that  do  not 
mix-spin  up  (+)  and  spin  down  (-)  relative  to  the  direction 
of  the  applied  magnetic  field  H.  AR(±)  for  each  spin  direc¬ 
tion  is  then  the  series  sum  over  the  multilayer  of  the  ARs  of 
all  the  interfaces  and  the  resistivities  times  layer  thicknesses 
of  all  the  layers.  ARt  is  simply  the  parallel  combination  of 
AR(+)  and  AR(— ).3,4,13  The  equivalent  expressions  for  the 
CIP  geometry  are  much  more  complex;  in  addition  to  param¬ 
eters  like  those  for  the  CPP  ARs,  they  also  contain  exponen¬ 


tial  factors  involving  ratios  of  the  electron  mean-free  paths  in 
given  layers  to  the  layer  thicknesses.5 

The  standard  models  of  GMR2,5  assume  that  the  reduc¬ 
tion  in  resistance  as  the  magnetic  field  H  increases  is  due  to 
a  field-induced  reorientation  of  the  magnetizations  Mt  of  ad¬ 
jacent  F  layers,  from  an  antiparallel  (AP)  alignment  (total 
magnetization  M= 0)  at  small  H  to  a  parallel  (P)  alignment 
(maximum  M)  at  large  H.  We  thus  want  to  measure  ARt(AP) 
and  ARt(P).  However,  most  two-component  F/N  multilayer 
systems  exhibit  a  complete  AP  state — if  at  all — only  when 
the  exchange  coupling  between  adjacent  F  layers  is  strongly 
antiferromagnetic  ( af )  in  zero  field;  and,  unfortunately,  such 
strong  af  coupling  occurs  only  at  a  single  value  of  tN  for 
fixed  tF.15  To  extract  the  parameters  of  interest  from  our 
simple  model,  we  need  to  use  a  range  of  tF  and  fN  values, 
and  we  need  for  each  tF  and  fN  pair  an  ARt  that  approximates 
well  that  for  a  true  AP  state.  We  have  argued  elsewhere3,9,16 
that  the  ARt  values  for  our  virgin,  as-sputtered  samples  (a 
state  designated  by  H0)  approximate  well  those  of  the  AP 
state,  so  long  as  tN  is  large  enough  to  magnetically  decouple 
the  F  layers.  This  H0  state  was  used  to  fix  the  Co/Cu  and 
Py/Cu  parameters  for  our  analysis.  For  these  decoupled  F 
layers,  the  P  state  is  attained  when  H  exceeds  Hs ,  the  field  at 
which  the  Mts  of  the  F-layers  saturate. 

A  positive  feature  of  our  three-component  Co/Cu/Py/Cu 
multilayers  is  that  there  is  a  large  difference  in  Hs  between 
sputtered  Co  (Hf°  ~  200  Oe)  and  Py  (Hpsy  =£  10  Oe).  This 
naturally  leads  to  a  closely  AP  alignment  of  the  M{  for  the 
Co  and  Py  layers  when  H  (applied  parallel  to  the  layers)  is 
taken  from  above  +  H^°  to  just  below  -  H?sy . 

We  recently  showed6,7  that  ARt(AP)  and  A7?,(P)  for  a  set 
of  Co/Cu/Py/Cu  multilayers  with  tCo=3  nm,  fPy=8  nm,  and 
rCu=20  nm  (large  enough  to  magnetically  decouple  the  Co 
and  Py  layers)  could  be  reasonably  well  described  by  param¬ 
eters  previously  determined  from  independent  measurements 
of  the  ARt s  at  H0  and  Hs  for  Co/Cu  and  Py/Cu.  These  values 
of  tCo  and  tpy  were  chosen  to  give  nearly  equal  layer  mag¬ 
netizations  (i.e.,  total  magnetization  M^0  for  AP  Co  and  Py 
magnetization  alignment)  and  to  be  comparable  to  those  in 
the  Co/Cu  and  Py/Cu  multilayers  from  which  the  parameters 
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TABLE  I.  Fitting  parameters  and  independent  measurements.  Column  1 :  Constrained  fits  to  Co/Cu  and  Py/Cu 
(Ref.  6).  Column  2:  Co/Cu  and  Py/Cu  parameters  adjusted  to  fit  better  the  Co/Cu/Py/Cu  data.  Column  3: 
Independent  measurements  of  2AR (Ref.  22)  and  2ARNb/Py  (Ref.  11)  and  of  pCo,  ppy,  and  pCu  from  films 
sputtered  with  the  Co/Cu  and  Py/Cu  multilayers.  Column  4:  Independent  measurements  of  pCo ,  ppy ,  and  pCu 
from  films  sputtered  with  the  Co/Cu/Py/Cu  multilayers. 


“Best-fit” 

parameters 

Adjusted 

Co/Cu  and  Py/Cu 
parameters 

Indep.  meas. 
Co/Cu;Py/Cu 

Indep.  meas. 
Co/Cu/Py/Cu 

2 ARNb/c<>  (fftm2) 

6' 1-0.3 

6. 1^0.3 

2A^Nb/Py  (film2) 

7  ±1.5 

5.7-8. 5 

Pc O  (nflm) 

76  ±5 

81 

PCo“PCo(l-/3co) 

60±9 

60 

60±10 

51  ±3 

ppy  (nflm) 

164±20 

159 

PPy”PPy  (1—  $py) 

123±40 

111 

137±30 

111  ±8 

Pcu  (nflm) 

4.5±0.5 

4.5 

6±1 

5.5  ±  1 

fico 

0.46±0.08 

0.51 

7c  o/Cu 

0.75±0.05 

0.76 

fipy 

0.50±0.16 

0.55 

7Py/Cu 

0.81±0.12 

0.85 

2-4  S  co/Cu  (fftm2) 

1.05  ±0.05 

1.04 

2^^Co/Cu=2^f?  Co/CuO  —  7^o/Cu) 

0.46±0.10 

0.43 

2ARty/Ca  (fftm2) 

1.00±0.08 

1.08 

2A  R  Py/Cli =2AR  py/Cu  ( 1 -  Tpy/tu) 

0.34±0.22 

0.30 

of  interest  were  derived.9-11  This  agreement  supported  our 
argument  that  ARt(H0)  is  close  to  ARt(AP)  for  our  Co/Cu 
and  Py/Cu  multilayers. 

This  agreement,  however,  was  not  perfect  in  that  the 
difference  [ARt(AP)-ARt(P)]  was  about  20%  larger  than 
that  predicted  by  the  previously  determined  parameters.  We 
argued  that  such  a  modest  difference  was  reasonable,  given 
that  we  had  no  adjustable  parameters  and  also  required  all 
common  parameters  (pCu  appears  in  all  three  sets,  and  most 
other  parameters  in  two)  to  be  the  same  for  data  sets  taken 
years  apart.  In  fact,  those  parameters  that  could  be  indepen¬ 
dently  measured  (pCu,  pCo,  and  pPy)  were  found  to  be 
slightly  different  (compare  columns  3  and  4  of  Table  I). 

In  the  present  paper  we  further  test  the  CPP  predictabil¬ 
ity. 

First,  we  extend  the  measurements  of  the  Co/Cu/Py/Cu 
ARt s  in  two  directions:  (a)  to  a  Co-Py  pair  where  M^O  in 
the  AP  state,  but  tCo  and  fPy  are  twice  as  large  as  in  the  prior 
fits,  and  (b)  to  two  Co-Py  pairs  where  tCo  and  fpy  are  closer 
to  those  used  in  the  prior  fits,  but  MAO  in  the  AP  state.  The 
unadjusted  parameters  continue  to  predict  AR/AP)  and 
Ai?r(P)  for  the  new  samples  reasonably  well,  but  also  under¬ 
estimate  [ARt(AP)-ARt(P)]  now  by  25-35%. 

Second,  we  examine  whether,  by  modifying  the  Co/Cu 
and  Py/Cu  parameters  within  their  uncertainties,  we  can  im¬ 
prove  our  fits  to  the  Co/Cu/Py/Cu  data,  without  excessively 
weakening  those  to  the  original  Co/Cu  and  Py/Cu  data. 

Third,  to  test  the  sensitivity  of  the  MRs  of  the  three- 
component  systems  to  the  N-metal  component,  we  measure, 
for  the  first  time,  the  MRs  of  a  set  of  Co/Ag/Py/Ag  multilay¬ 
ers.  We  find  MRs  larger  than  those  for  Co/Cu/Py/Cu  with  the 
same  nominal  layer  thicknesses. 

II.  SAMPLE  PREPARATION 

Our  Co/Cu/Py/Cu  multilayers  were  sputtered  onto  sap¬ 
phire  substrates  in  an  ultrahigh-vacuum  compatible,  four- 
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target  system,  using  preparation  conditions  and  procedures 
already  described.17  The  base  pressure  before  sputtering  was 
=^2X10-8  Torr;  the  sputtering  pressure  was  held  constant  at 
**2.5  mTorr,  and  the  sputtering  rates  were  all  **1  nm/s.18  We 
used  an  in  situ  mask  changing  system18  to  fabricate  the 
crossed-superconducting-strip  geometry  described 
elsewhere,17  where  the  multilayer  of  interest  is  sandwiched 
between  two  ^1.1 -mm- wide,  300-nm-thick  Nb  strips,  depos¬ 
ited  at  right  angles  to  each  other,  that  serve  as  both  current 
and  voltage  leads.  At  the  measuring  temperature  of  4.2  K,  the 
Nb  strips  superconduct,  becoming  equipotential  contacts, 
thereby  ensuring  that  a  uniform  current  passes  through  the 
overlap  areas  of  the  strips,  A  ^1.25  mm2.  To  avoid  proximity 
effects  in  the  Cu  layers,  the  first  and  last  layers  are  Co  at 
least  3  nm  thick.19  A  sample  thus  consists  of  two  Nb  strips, 
the  multilayer,  and  a  “cap”  Co  layer  just  below  the  top  Nb 
strip.  In  the  CPP  geometry,  we  measure  the  specific  resis¬ 
tance  ARt ,  the  overlap  area  A  of  the  Nb  strips  times  the 
voltage  across  the  sample  divided  by  the  current  through  it. 
The  measuring  current  was  held  constant  at  50  mA,  and  the 
resistances  of  the  reported  samples  were  all  current  indepen¬ 
dent.  The  measuring  system  was  the  same  as  that  already 
described.17 

III.  TWO-CURRENT  MODEL 

The  two-current,  series  resistor  model  used  here  assumes 
that  the  electrons  in  the  spin-up  and  spin-down  channels  are 
independent  in  that  they  do  not  flip  their  spins  or  mix.  For 
7^4.2  K  and  N  layers  that  are  free  of  magnetic  impurities 
and  strong  spin-orbit  scatterers,20  the  assumed  independence 
of  the  currents  is  a  good  approximation.  For  each  spin  chan¬ 
nel  the  AR  is  a  series  sum  of  layer  resistivities  times  layer 
thicknesses  and  the  ARs  for  each  interface.  ARt  is  then  just 
the  parallel  combination  of  the  ARs  for  each  channel.3  Using 
the  notation  of  Valet  and  Fert4  for  a  simple  F/N  multilayer, 
we  denote  the  F-metal  resistivities  as  pP(pP)  for  electron 

Pratt  et  al. 


spin  parallel  (antiparallel)  to  the  local  F-layer  ,  and  F/N 
interface  resistance  as  ^f/n(^f/n)-  The  Nb/F  interface  resis¬ 
tances  and  the  N-layer  resistivities  are  assumed  to  be  spin 
independent.  That  is,  ^Nb/F~  R  Nb/F1 ”  2R  Nb/F »  an^ 
Pn”Pn=2pn.  We  make  these  definitions:  pp(i) 
=  2pJ[l-(  +  )jS]  =  2pP/[l  +  (-)£|  and  4/n 
=  2/?|/n[  1 —  (  +  )y]  =  2  7?  F/N /[  1  +(  — )y].  For  a  thick  F  film, 
Pp  would  be  its  bulk  resistivity.  For  the  simple  F/N 
multilayer,  we  obtain  that  the  six  fitting  parameters  of  the 
two-current-model  equations  are  the  following:  2A  Nb/p  ^  Pm  * 
p*  =  pF/(l-0 2),  A/?*wHA/?F/N)/(l-y2),  A  and  y.  A 
constrained  set  of  these  parameters,  derived  from  measure¬ 
ments  on  Co/Cu  and  Py/Cu  samples,  is  presented  in  column 
1  of  Table  I.6 

For  the  more  complex  multilayer  consisting  of  A[Co/Cu/ 
Py/Cu]  quadrilayers,  the  ARs  for  the  up  (+)  and  down  (-) 
spin  channels  in  the  AP  state  are 

ARa?(<+>)  =  4A/?Nb/Co+ 4  N  Pq/cu+  (N+ l  )Pq/co 

+  2NAR  lolCu +NpPytPy+2NAR  ^y/Cu ,  ( 1 ) 

A*ap(->=  4ARm/Co+4NpCatCa+  (N+  l)plCotCo 

+  2NARlCo/Ca+NplytPy+  2  NARlylCa .  (2) 

A/?fp  is  then  obtained  by  adding  A/?ap(+*  and  ARAVi~>  in 
parallel,  and  the  dependence  of  ARA¥  on  parameters 

PCo  ’  Ppy  >  Pco>  0Py>  ^  Co/Cu  >  ^  ^  Py/Cu  >  TCo/Cu>  and 

7py/Cu  can  obtained  by  substituting  in  the  above  defini¬ 
tions.  Here,  unlike  the  simple  F/N  multilayer,  we  have 
ARap(<+^ARa?^~\  For  the  P  state,  AR p(+)  and  ARP ^  will 
have  only  j  and  [  terms,  respectively,  and  then  are  combined 
in  parallel  to  produce  ARP . 

IV.  DATA  AND  ANALYSIS 

For  most  of  the  samples  in  this  paper,  the  Cu  layer  thick¬ 
ness  is  held  fixed  at  tc u='20  nm,  a  value  that  our  previous 
data  indicate3,7"9,16  should  be  large  enough  to  magnetically 
decouple  the  Co  and  Py  layers.  As  mentioned  earlier,  because 
an  AP  alignment  of  M{  for  the  Co  and  Py  layers 
should  naturally  occur  when  H  is  taken  from  above  +  H^°  to 
slightly  less  than  -  H?sy .  This  formation  of  the  AP  state  is 
illustrated  in  Fig.  1(a)  for  a  Co/Cu/Py/Cu  sample  with  tCo 
and  t?y  chosen  so  that  M^O  for  the  AP  state.  Indeed  as  H 
decreases  toward  — 10  O e,  M  rapidly  decreases  to  zero  as  the 
Mi  s  of  Py  layers  reverse.  Thereafter  M  decreases  more 
slowly,  as  the  Co  layers  reorient  over  a  larger  field  range. 
The  behavior  of  M  for  this  sample  is  very  similar  to  that  of 
the  Co/Cu/Py/Cu  sample  shown  in  Fig.  2  of  Ref.  6,  where  tCo 
and  t?y  were  half  those  of  the  sample  in  Fig.  1.  The  main 
difference  is  that  H^°  is  somewhat  smaller  in  the  present 
sample  due  to  its  thicker  Co  layers.  Figure  1(b)  shows  that 
ARt  rises  rapidly  over  the  same  small  field  range  (where  M 
drops  sharply),  reaches  a  peak  value,  and  then  falls  slowly 
along  with  M.  For  AP  alignment,  we  choose  ARt(AP)  at  the 
peak  of  the  curve  in  Fig.  1(b).  For  P  alignment  of  the  Co  and 
Py  magnetizations,  ARr(P)  is  measured  at  H  >  H^° . 

Figures  2  and  3  show  ARt( AP)  and  ARt( P)  versus  quad- 
rilayer  number  N  for  our  published  set6,7  of  Co/Cu/Py/Cu 


H  (kOe) 


FIG.  1.  (a)  M(H)  vs  H  for  a  [Co(6  nm)/Cu(20  nm)/Py(16  nm)/Cu(20  nm)]8 
multilayer,  (b)  [//?,(#)- A/?, (#*)]  vs  H  for  the  same  multilayer. 

samples  [Fig.  2(b)]  and  for  three  new  sets  of  data  [Figs.  2(a), 
3(a),  and  3(b)].  As  shown  in  Fig.  2,  changing  tN  to  10  or  40 
nm  (+  and  X  symbols,  respectively)  does  not  significantly 
change  the  data.  The  no-free-parameter  predictions,  ARa? 
and  ARP ,  from  the  independently  derived  parameters  for 
Co/Cu  and  Py/Cu  listed  in  column  1  of  Table  I,  are  shown  as 
solid  curves.  The  predictions  fit  all  of  the  data  reasonably 
well,  but  not  perfectly.  Figure  4  shows  that  for  these  column 
1  parameters  the  quantity  [AR  t(AP)— A  Rt(P)]l 
[Ai?fp  -  ARf],  the  ratio  of  the  measured  difference  to  the 


FIG.  2.  Atf,(AP)  and  ARt( P)  vs  quadrilayer  number  N  for  multilayers  of  (a) 
[Co(6  nm)/Cu(20  nm)/Py(16  nm)/Cu(20  nm)R  and  (b)  [Co(3  nm)/Cu(20 
nm)/Py(8  nm)/Cu(20  nm)]N  with  nearly  equal  magnetizations  in  the  Co  and 
Py  layers.  Open  and  filled  symbols  refer  to  samples  made  in  differing  sput¬ 
tering  runs.  The  +  and  X  symbols  are  for  fCu"10  and  40  nm’  respectively. 
The  solid  curves  are  predicted  from  the  independently  determined  param¬ 
eters  listed  in  column  1  of  Table  I.  The  dashed  curves  are  determined  by  the 
parameters  in  column  2  of  Table  I. 
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FIG.  3.  ARf(AP)  and  A/?f(P)  vs  quadrilayer  number  N  for  multilayers  of  (a) 
[Co(6  nm)/Cu(20  nm)/Py(10  nm)/Cu(20  nm)]w  and  (b)  [Co(3  nm)/Cu(20 
nm)/Py(5  nm)/Cu(20  nm)]w  with  different  magnetizations  in  the  Co  and  Py 
layers.  Open  and  filled  symbols  refer  to  samples  made  in  different  sputtering 
runs.  The  solid  curves  are  predicted  from  the  independently  determined 
parameters  listed  in  column  1  of  Table  I.  The  dashed  curves  are  determined 
by  the  parameters  in  column  2. 

predicted  one,  averages  about  1.3  (open  symbols),  with  the 
ratios  for  the  newer  samples  [Figs.  4(a)-4(c)]  being  a  bit 
larger  than  for  the  old  ones  [Fig.  4(d)]. 

This  systematic  discrepancy  between  measurement  and 
prediction  led  us  to  ask  how  much  we  could  improve  the  fits 
in  Figs.  2-4,  within  the  uncertainties  of  the  parameters  in 


FIG.  4.  [AR,(AP)_A/?,(P)]/[A/^p  -  vs  N  for  all  four  data  sets.  Open 
symbols  are  for  and  ARvt  values  determined  from  the  parameters  in 
column  1  of  Table  I.  Filled  symbols  are  determined  from  column  2  of  Table 
I.  (a)  [Co(6  nm)/Cu(20  nm)/Py(10  nm)/Cu(20  nm)]w ,  (b)  [Co(3  nm)/Cu(20 
nm)/Py(5  nm)/Cu(20  nm)]N ,  (c)  [Co(6  nm)/Cu(20  nm)/Py(16  nm)/Cu(20 
nm)]N ,  and  (d)  [Co(3  nm)/Cu(20  nm)/Py(8  nm)/Cu(20  nm)k . 


FIG.  5.  Comparison  of  corrected  MR  vs  N  for  [Co(3  nm)/Ag(20  nm)/Py(8 
nm)/Ag(20  nm)k  and  [Co(3  nm)/Cu(20  nm)/Py(8  nm)/Cu(20  nm)]N  multi¬ 
layers.  Solid  curve  is  determined  from  parameters  in  column  2  of  Table  I. 
The  dashed  curve  is  produced  by  replacing  Co/Cu  parameters  in  column  2 
by  Co/Ag  ones. 


column  1  of  Table  I.  In  previous  papers,6,7  we  noted  that  the 
ratios  in  Fig.  4(d)  could  be  reduced  to  about  1.1  by  increas¬ 
ing  ppy ,  /3Co ,  and  /3Py ,  well  within  their  uncertainties,  with¬ 
out  excessively  degrading  the  fits  to  the  original  Co/Cu  and 
Py/Cu  data.  Those  same  parameters  only  reduced  the  average 
ratio  for  all  of  the  samples  in  Fig.  4  to  about  1.2.  We  thus 
searched  for  a  set  of  parameters  giving  a  better  fit  to  all  of 
our  data,  using  the  ratios  in  Fig.  4  (which  emphasize  the 
difference  [ARt(AP)-ARt(?)])  as  a  guide  for  improving  the 
fit  to  the  Co/Cu/Py/Cu  data.  Such  a  set  is  given  in  column  2 
of  Table  I.  This  new  parameter  set  gives  an  average  ratio  for 
all  four  data  sets  that  is  now  very  close  to  1.1  and  is  shown 
as  filled  symbols  in  Fig.  4.  The  fits  of  these  column  2  param¬ 
eters  to  the  Co/Cu/Py/Cu  ARt s  are  shown  as  dashed  curves 
in  Fig.  2  and  3  and  are  better  (smaller  total  x2)  than  those  for 
the  column  1  parameters.  The  parameters  of  column  2  lie 
within — usually  well  within — the  uncertainties  of  the  nonad- 
justed  ones  of  columns  1,  and  only  modestly  degrade  the  fits 
to  the  original  Co/Cu  and  Py/Cu  data.21 

Lastly,  we  recently  started  to  examine  the  behavior  of 
Co/Ag/Py/Ag  multilayers  with  layer  thicknesses  similar  to 
those  for  the  Co/Cu/Py/Cu  multilayers  described  above.  We 
will  show  elsewhere  that  the  Ms  and  ARt s  for  these  multi¬ 
layers  look  very  similar  to  those  in  Figs.  1  and  2.21  Here,  we 
focus  upon  the  relative  MRs  of  the  two  different  systems. 
For  this  purpose,  we  compare  the  corrected  multilayer  MRs. 

MR%  =  [AR,(  AP)  -ARt(?)]/[ARt(P)  -  6. 1  film2] . 

(3) 

In  the  denominator,  the  two  Nb/Co  interface  resistances22 
—6.1  film2  have  been  subtracted  from  AR,(P)  to  give  the  AR 
due  to  the  multilayer  alone  (i.e.,  without  the  superconducting 
contact  resistance).  As  shown  in  Fig.  5,  the  MRs  for  Co/Ag/ 
Py/Ag  are  considerably  larger  than  those  for  Co/Cu/Py/Cu, 
even  though  the  nominal  layer  thicknesses  are  identical.  The 
solid  curve  in  Fig.  5  shows  the  computed  MR  for  the  ad¬ 
justed  parameters  in  column  2  of  Table  I.  The  dashed  curve 
is  generated  by  combining  the  column  2  parameters  for 
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Py/Cu  with  the  previously  determined  Co/Ag  parameters.3,18 
The  dashed  curve  still  clearly  falls  below  the  Co/Ag/Py/Ag 
data.  This  disagreement  implies  that  the  Py/Ag  parameters 
must  be  noticeably  different  from  those  for  Py/Cu. 

V.  SUMMARY  AND  CONCLUSIONS 

We  have  shown  that  the  CPP  specific  resistance,  ARt ,  of 
Co/Cu/Py/Cu  multilayers  with  four  different  pairs  of  Py  and 
Co  thicknesses  can  all  be  fit  reasonably  well  with  parameters 
obtained  with  no  adjustment  from  independent  measure¬ 
ments  on  Py/Cu  and  Co/Cu  multilayers.  Even  the  more  chal¬ 
lenging  difference  [ARt(AP)—ARt(P)]  is  correctly  given  to 
within  20-35%.  We  have,  thus,  shown  that  the  CPP-MR  of  a 
three-component  system  is  fairly  well  predictable  from  pa¬ 
rameters  for  the  two-component  multilayers  of  which  it  is 
composed.  We  have  found  also  that  the  fit  to  the  Co/Cu/ 
Py/Cu  data  can  be  made  better  by  modifying  the  Co/Cu  and 
Py/Cu  parameters  well  within  their  respective  uncertainties, 
without  substantially  weakening  the  fits  to  the  original 
Co/Cu  and  Py/Cu  data.  We  conclude  that  the  Co/Cu/Py/Cu, 
Co/Cu,  and  Py/Cu  data  are  mutually  consistent  to  within 
their  uncertainties  and  reproducibilities.  Lastly,  we  have 
shown  that  a  set  of  Co/Ag/Py/Ag  multilayers  gives  signifi¬ 
cantly  larger  MRs  than  those  for  Co/Cu/Py/Cu  multilayers 
with  identical  nominal  layer  thicknesses,  which  leads  us  to 
predict  that  the  as  yet  unknown  CPP-MRs  for  uncoupled 
Py/Ag  multilayers  will  be  larger  than  those  for  Py/Cu. 
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The  role  of  impurity  scattering  in  Co/Cu  (111)  M.B.E.  multilayers  (abstract) 

K.  P.  Wellock  and  B.  J.  Hickey 

The  Department  of  Physics,  The  University  of  Leeds,  Leeds  LS2  9JT,  United  Kingdom 

The  origin  of  spin-dependent  scattering  (sds)  within  magnetic/nonmagnetic  systems  is  a 
controversial  issue  which  has  attracted  much  attention  in  recent  years.  There  is  now  a  consensus  of 
opinion  that  sds  is  necessary  for  the  giant  magnetoresistance  (GMR)  and  most  work  suggests  that 
this  scattering  occurs  at  the  interface,  but  the  details  have  yet  to  be  discovered.  Numerous  studies 
have  been  performed  placing  impurities  within  the  multilayer  and  in  nearly  all  cases  a  reduction  in 
MR  is  observed.  The  only  exceptions  to  this  are  the  cases  where  magnetic  impurities  are  used.  We 
have  observed  the  first  enhancement  of  MR  for  the  Co/Cu  system  using  nonmagnetic  impurities.  In 
the  case  of  a  simple  trilayer  system  up  to  an  eightfold  increase  in  MR  is  observed  while  for  a 
multilayer  system  up  to  40%  increase  is  recorded.  Impurities  have  been  introduced  during  sample 
growth  in  a  controlled  manner  using  a  shutter  arrangement  such  that  a  direct  comparison  of 
impurity-doped  and  an  undoped  sample  can  be  made.  In  previous  impurity  studies  changes  in 
coupling  have  given  rise  to  confusing  results.  In  order  to  avoid  this  we  have  used  relatively  thick  Cu 
spacer  layers  and  very  small  levels  of  impurities  so  that  no  magnetic  coupling  changes  are  induced 
by  doping.  All  samples  were  characterized  by  x-ray  diffraction  and  in  situ  RHEED  where  we  found 
no  evidence  of  structural  changes  induced  by  the  Au  impurities.  We  discuss  these  results  in  the  light 
of  current  theories  of  spin-dependent  scattering.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)60808-7] 
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Giant  magnetoresistance  multilayers  of  high  thermal  stability  with  thicker 
magnetic  layers 

S.  A.  Hossain,  B.  H.  Pirkle,  J.  Yang,  and  M.  R.  Parkera) 

The  University  of  Alabama,  MINT/MRSEC  Center,  P.  O.  Box  870209,  Tuscaloosa,  Alabama  35487 

The  problem  of  poor  thermal  stability  in  NiFeCo/Cu  multilayers  can  be  resolved  by  utilizing  thicker 
magnetic  layers  than  those  giving  optimum  giant  magnetoresistance  (GMR),  in  the  as-deposited 
state.  This  type  of  structure  exhibits  very  little  GMR  in  the  as-deposited  state,  but  upon  appropriate 
post-deposition  anneal,  produces  huge  improvements  in  GMR  magnitude  and  sensitivity.  The 
described  technique  provides  an  improvement  necessary  for  retaining  the  magnetic  properties  of  the 
multilayers  at  temperatures  that  would  be  encountered  in  the  fabrication  and  operation  of  GMR  field 
sensors.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)54608-8] 


I.  INTRODUCTION 

A  variety  of  multilayers  with  large  giant  magnetoresis¬ 
tance  (GMR)  values  and  low  saturation  fields  have  been 
made  in  these  laboratories.1,2  The  poor  thermal  stability  of 
these  structures  has,  however,  been  a  critical  issue  in  our 
earlier  work,2  as  well  as  in  that  of  other  groups.3  High- 
temperature  anneal  causes  serious  degradation  of  the  GMR 
magnitude  and  field  sensitivity.  GMR  multilayers  have  been 
identified  as  long-term  candidates  for  ultrahigh  density  heads 
in  the  data  storage  industry.  Fabrication  of  any  field-sensor 
microdevice  would  require  thermal  processing  of  materials  at 
temperatures  of  200  °C  or  thereabouts.  No  practical  tech¬ 
nique  has  been  proposed  until  now  to  deal  with  this  critical 
issue.  Thermally  induced  reduction  of  GMR  has  been  attrib¬ 
uted  to  an  enhanced  interdiffusion  at  the  interfaces  of 
magnetic/nonmagnetic  structures.  Reasonable  thermal  stabil¬ 
ity  has  been  identified  in  NiFeCo/Cu/Co/Cu  structures3  with, 
however,  GMR  properties  worse  than  those  of  conventional 
NiFeCo/Cu  structures.  In  the  present  study,  a  methodology  is 
introduced  for  enhancement  of  the  thermal  characteristics  of 
GMR  multilayer  films.  The  Cu  spacer  thickness  is  first  opti¬ 
mized  in  the  as-deposited  state  at  approximately  23  A.  A 
corresponding  optimization  of  magnetic  layer  thickness  is 
then  determined  (—21  A).  Multilayers  sputtered  with  —21  A 
magnetic  layer  thickness  or  less  show  good  as-deposited 
GMR  characteristics  (GMR  magnitude  and  field  sensitivity), 
and  multilayers  with  significantly  thicker  magnetic  layers 
(>23  A)  show  very  poor  (<2%)  GMR  characteristics,  being 
dominated  in  the  as-deposited  state  by  positive  exchange 
coupling.  As  expected,  samples  with  NiFeCo  layers  of  thick¬ 
ness  <21  A  show  a  decrease  in  the  GMR  properties  upon 
high-temperature  anneal  (>200  °C).  By  contrast,  high  tem¬ 
perature  anneal  of  the  samples  with  significantly  thicker 
NiFeCo  layers  produces  a  marked  improvement  in  GMR 
properties.  This  improvement  appears  to  originate  from  a 
transformation  to  a  minimum  energy  configuration  in  the  an¬ 
tiferromagnetic  (AFM)  state  at  zero  external  field,  which  is 
induced  by  the  high- temperature  anneal.  Subsequent  anneal¬ 
ing  of  these  samples  does  not  effect  their  GMR  characteris¬ 
tics  significantly.  This  technique,  therefore,  provides  GMR 


multilayers  with  excellent  thermal  stability.  The  underlying 
mechanism(s)  causing  this  thermal  stability  enhancement  re¬ 
main^)  unclear.  It  is  obviously  tempting  to  attribute  the  be¬ 
havior  described  in  the  following  sections  to  discontinuous 
multilayers  of  the  sort  normally  associated  with  the  NiFe/Ag 
system.4  The  experimental  evidence  discussing  this  issue  is 
described  below. 


II.  EXPERIMENT 


Preparation  conditions  and  experimental  analysis  of 
NiFeCo/Cu  multilayers  have  been  described  in  detail 
previously.1,2  The  GMR  field  sensitivity  is  defined  as 
S=GMR%/FWHM  of  GMR  field  profile). 

Six-bilayer  (bl)  structures  with  optimum  Cu  spacer 
thickness  and  various  magnetic  layer  thicknesses  (from  17 
through  37  A)  have  been  investigated.  In  the  as-deposited 
state,  an  optimum  GMR  effect  occurs  for  a  magnetic  layer 
thickness  around  21  A.  Multilayers  with  magnetic  layers 
thinner  than  —21  A  exhibit  excellent  GMR  characteristics 
(—9%  GMR,  —  0.11%/Oe  sensitivity  for  lObl  samples  and 
—8%  GMR,  —  0.22%/Oe  sensitivity  for  6bl)  in  the  as- 
deposited  state.  An  abrupt  decrease  in  the  as-deposited  GMR 
magnitude  and  sensitivity  is  observed  for  magnetic  layers 
thicker  than  this  optimum.  This  observation  is  consistent 
with  magnetization  loop  data,  which  indicates  AFM  and  FM 
coupling  in  this  sample  and  thicker  magnetic  layer  samples, 
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Anneal  time  (min.) 

FIG.  2.  The  change  in  the  grain  size  and  resistivity  as  a  function  of  anneal¬ 
ing  time  for  NiFeCo/Cu  ML  samples  with  (a)  17  A  and  (b)  26-A-thick 
magnetic  layers. 


respectively.  High-temperature  anneal  (300  °C)  rapidly  de¬ 
grades  the  above-mentioned  GMR  characteristics  in  samples 
with  magnetic  layer  thicknesses  of  ~21  A  or  less.  By  con¬ 
trast,  samples  with  magnetic  layers  of  thicknesses  >23  A, 
with  insignificant  GMR  characteristics  in  the  as-deposited 
state  [Fig.  1(a)],  show  a  drastic  improvement  [Fig.  1(b)] 
upon  annealing.  Annealing  at  300  °C  also  results  in  an  in¬ 
crease  in  grain  size  and  resistivity  for  all  samples  (Fig.  2).  A 
linear  extrapolation  of  the  inverse  of  resistance  versus  the 
magnetic  layer  thickness  is  plotted  in  Fig.  3.  The  resistivity 
of  the  Cu  spacer  layers  and  the  interfaces  has  been  estimated 
from  the  intercepts  at  zero  magnetic  layer  thickness.  Our  data 
indicates  an  approximately  26%  increase  in  this  resistivity 
after  annealing.  The  low-angle  x-ray  diffraction  (LXRD) 
data  shows,  following  anneal,  about  a  5%  reduction  in  effec¬ 
tive  bilayer  thickness  as  well  as  a  small  change  of  the  inter¬ 
face  (see  Fig.  4).  This  5%  thickness  reduction  does  not 
equate  directly  to  the  26%  change  in  the  resistivity.  The  ad¬ 
ditional  increase  in  resistivity  must  therefore  be  attributed  to 
other  effects.  Summary  plots  of  GMR  in  the  as-deposited  and 
annealed  states  are  given  in  Fig.  5  for  a  set  of  ten  6bl 
samples.  Thin  NiFeCo  samples  show  increased  AFM  cou¬ 
pling  with  no  significant  uniaxial  anisotropy  in  the  annealed 


FIG.  3.  Linear  fit  to  the  inverse  of  the  resistance  as  a  function  of  the  mag¬ 
netic  layer  thickness. 


FIG.  4.  As-deposited  and  annealed  low-angle  x-ray  diffraction  scans  for  a 
multilayer  sample  with  25-A-thick  NiFeCo  layers. 

state.  Ferromagnetic  resonance  (FMR)  data  indicates  a  de¬ 
crease  in  anisotropy  upon  annealing  for  the  thick  samples. 
An  indication  of  a  small  decrease  in  magnetization  is  also 
observed,  which  is  consistent  with  vibrating  sample  magne¬ 
tometer  (VSM)  data. 


One  method  for  calculating  the  bilinear  and  biquadratic 
exchange  fields  Hl  and  H2  has  been  proposed  earlier.5  In  our 
present  study,  we  estimated  the  exchange  fields,  and  hence 
the  exchange  constants  Jl  and  J2  as  a  function  of  magnetic 
layer  thickness  (given  in  Table  I)  by  a  slightly  different  ap¬ 
proach,  as  shown  below. 

From  the  experimentally  determined  full  width  half 
maxima  (FWHM)  of  the  GMR  field  profiles,  the  transverse 
(hard  axis)  and  parallel  (easy  axis)  fields  can  be  related  to  H  j 
and  Hk  conveniently.  These  fields  are  given6  by  the  following 
equations: 

H±50=~^(H\+Hk)  (la) 


H150  and  f/||50  are,  respectively,  the  FWHM  field  values  in 
the  hard  and  easy  directions,  2 N  is  the  total  number  of  mag¬ 
netic  layers,  J{  is  the  bilinear  exchange  constant,  Ms  is  the 
saturation  magnetization,  and  t  is  the  magnetic  layer  thick- 


FIG.  5.  GMR  in  as-deposited  and  annealed  states  as  a  function  of  the  mag¬ 
netic  layer  thickness. 


III.  ANALYSIS 


and 


H\\$q—  i  Hi,), 


where 


H,=- 


2(2N—l)  j  J 


N  \  MJ 
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TABLE  I.  Exchange  constants  J{  ,J2 »  and  anisotropy  field  Hk. 


NiFeCo 

thickness 

(A) 

*1 

(Oe) 

H2 

(Oe) 

Hk 

d(Oe) 

h 

(jLd/m2) 

J2 

( fxSIm 2) 

18 

109.6 

11.4 

10.6 

5.73 

0.60 

21 

77.8 

8.1 

7.1 

4.74 

0.49 

23 

55.9 

7.5 

6.4 

3.73 

0.50 

25 

56.2 

8.3 

7.4 

4.08 

0.60 

27 

58.0 

8.0 

5.7 

4.55 

0.62 

33 

40.3 

5.5 

7.8 

3.86 

0.53 

35 

38.2 

5.3 

5.7 

3.88 

0.54 

ness.  Hk(  =  2KJMs)  is  the  field  induced  anisotropy  field, 
where  Ku  is  the  uniaxial  anisotropy  constant.  Clearly,  it  fol¬ 
lows  from  Eqs.  (la),  (lb),  and  (2)  that  V2#150j|50  vs  1  ft 
should  be  a  linear  curve  of  positive  slope.  From  Eqs.  (la) 
and  (lb)  we  can  determine  H{  and  Hk  as  follows: 

tfl=^(ff±50  +  tf||50)  (3) 

and 

Hk  =  -j=  (Hl  50  -H  n5o) .  (4) 

Now,  Jl  and  Hk  can  be  evaluated  by  inserting  experimental 
data  for  H±5Q^50  into  Eq.  (2),  (3),  and  (4).  Table  I  lists  Jl  and 
Hk  values  after  annealing  for  various  magnetic  layer  thick¬ 
nesses  and  J2  is  included  for  completeness.  The  data  in  Table 
I  indicates  that  the  ,  J2  values  are  effectively  constant  for 
magnetic  layer  thicknesses  from  23  to  35  A.  The  linear  de¬ 
pendence  of  if|l50  and  H150  on  the  inverse  of  magnetic  layer 
thickness  (Fig.  6)  also  supports  the  conclusion  that  interlayer 
interactions  remain  constant  as  the  thickness  increases.  A 
small  reduction  in  the  thickness  of  the  bilayer  stack  was  ob¬ 
served.  H||50  and  H150  decrease  in  accordance  with  the  model 


1  /  t_NiFeCo  (1/A) 


FIG.  6.  yj2H±  50  and  \f2H\\50  as  a  function  of  the  inverse  of  the  magnetic 
layer  thickness. 


of  Ref.  5  accordingly  for  an  increase  in  GMR  sensitivity 
given  that  GMR  magnitude  is  approximately  constant.  Cal¬ 
culation  of  Jx  as  described  in  Eq.  (2)  is  based  on  a 
continuous-layer  model.  This  model  predicts  that  #n50  and 
#_i_50  should  increase  with  the  increase  in  inverse  of  the  mag¬ 
netic  layer  thickness.  Our  data  in  Fig.  6  show  reasonable 
agreement  with  the  model  (using  average  values  of  J{  and  Hk 
from  Table  I  for  thicknesses  in  the  range  23-35  A)  and, 
therefore,  explains  the  decrease  in  saturation  field  with  in¬ 
creasing  magnetic  layer  thickness. 

IV.  RESULTS 

We  have  developed  a  methodology  to  improve  the  ther¬ 
mal  stability  of  magnetoresistive  NiFeCo/Cu  multilayers. 
Multilayers  with  “optimum”  or  thinner  magnetic  layers  de¬ 
crease  in  both  GMR  magnitude  and  field  sensitivity  upon 
high-temperature  anneal.  Samples  with  thicker  magnetic  lay¬ 
ers  (>23  A)  exhibit  a  huge  improvement  in  GMR  character¬ 
istics  upon  post-deposition  anneal  with  enhanced  thermal 
stability. 

After  much  experimentation,  the  reasons  for  the  dra¬ 
matic  post-anneal  effects  of  Fig.  1  remain  unclear.  On  one 
hand,  the  magnetization,  as  determined  from  FMR  and  from 
vibrating  sample  magnetometry,  appears  to  decline  following 
anneal,  suggesting,  possibly,  fragmentation  of  the  magnetic 
layers.  Conversely,  however,  the  low-angle  x-ray  patterns  of 
these  MLs  before  and  after  anneal  (see  Fig.  4)  show  little 
evidence  of  this.  Additionally,  the  decrease  of  GMR  satura¬ 
tion  field  (and,  concomitantly,  the  magnitudes  of  #il50,  #150) 
with  increasing  magnetic  layer  thickness  seems  consistent 
with  theoretical  expectations5  for  a  continuous-layer  GMR 
system.  GMR  enhancement,  increase  in  resistivity,  and  grain 
growth  all  appear  independent  of  the  number  of  bilayers; 
similar  enhancement  is  seen  in  10-  and  20-bilayer  stacks.  We 
conclude  that  the  magnetic  and  spacer  materials  do  not  nec¬ 
essarily  have  to  be  immiscible  to  produce  multilayers  of  high 
thermal  stability. 
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Relaxation  in  NiFe/Ag  giant  magnetoresistive  devices 
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Giant  magnetoresistance  was  measured  as  a  function  of  time  and  device  size  for  patterned  NiFe/Ag 
multilayer  films.  The  sputtered  NiFe/Ag  multilayers  were  pos.tannealed  at  340  °C  for  5  min  in  order 
to  produce  a  change  in  resistivity  Ap/p  of  5%  in  a  saturating  field  of  4  kA/m  (50  Oe).  The 
microstructure  of  these  films  is  believed  to  be  discontinuous  due  to  Ag  bridging  through  the  NiFe 
grain  boundaries  after  the  anneal.  The  films  were  fabricated  into  rectangular  stripes  with  Au  current 
lead,  and  then  exposed  to  a  magnetic  field  pulse  to  measure  the  time  response  of  the  resistance, 
characterized  by  a  time  constant  r,  from  the  relation  AR(t)-  NR0e  t!r.  An  apparatus  was 
developed  to  produce  a  magnetic  field  pulse  up  to  8  kA/m  (100  Oe)  with  a  tum-on/off  time  constant 
of  10  /jls.  The  response  of  the  NiFe/Ag  devices  saturated  quickly  with  the  turn-on  step  with  a  time 
constant  nearly  equal  to  that  of  the  field  pulse.  The  response  to  the  turn-off  step,  however,  had  a  time 
constant  of  nearly  300  p,s.  When  the  field  is  first  applied,  the  torque  on  the  magnetic  moments 
quickly  aligns  the  magnetization.  When  the  field  is  shut  off,  however,  the  torque  due  to  the  field 
drops  to  0,  so  interacting  magnetostatic  fields  from  the  grains  and  thermal  energy  dominate  the 
relaxation  process.  The  average  time  constant  depends  on  the  device  size  and  the  applied  current 
density.  Relaxation  may  be  detrimental  for  using  this  type  of  material  for  read  heads  where  very 
high  data  rates  are  required.  [S0021-8979(96)54708-4] 


I.  INTRODUCTION 

Research  in  giant  magnetoresistance  (GMR)  materials  is 
moving  toward  device  applications.  Device-level  character¬ 
ization  of  different  GMR  systems  is  becoming  more  impor¬ 
tant  with  the  goal  of  achieving  the  largest  GMR  with  the 
smallest  saturation  field  in  micrometer  size  devices.  The 
NiFe/Ag  system  is  formed  by  sputtering  bilayers  of  NiFe/Ag 
and  then  postannealing  the  films  until  the  Ag  diffuses  into  the 
NiFe  grain  boundaries  and  separates  the  grains  to  form  a 
discontinuous  structure.  We  have  reported  on  the  transport 
properties  of  micrometer-size  discontinuous  multilayer  de¬ 
vices  where  noise,  size,  and  self-field  effects  become 
important.1,2  These  effects  may  limit  the  usefulness  of  dis¬ 
continuous  GMR  materials  in  applications  like  magnetic  re¬ 
cording  where  very  small  devices  are  needed. 

Relaxation  in  discontinuous  films  plays  an  important 
role  in  device  performance  as  well.  We  report  results  of  re¬ 
laxation  measurements  on  NiFe/Ag  films  fabricated  into  de¬ 
vices  with  micrometer  dimensions.  Relaxation  rates  are  mea¬ 
sured  by  exposing  a  device  to  a  very  fast  tum-on/off  field 
pulse  while  monitoring  the  response  versus  time.  Long  relax¬ 
ation  rates  are  observed  in  annealed  NiFe/Ag  devices  due  to 
the  discontinuous  structure  compared  to  continuous  films  of 
NiFe.  We  find  that  the  device  response  is  very  fast  in  large 
saturating  fields,  but  long  time  constants  are  observed  when 
the  saturating  field  is  removed.  In  addition,  discrete  structure 
and  nonlogarithmic  behavior  are  observed  in  the  time  re¬ 
sponse  for  submicrometer  devices  due  to  discrete  switching 
of  magnetic  grains. 

II.  MATERIALS 

The  NiFe/Ag  discontinuous  system  is  interesting  from  a 
device  point  of  view  because  of  its  low  saturation  field.  Most 
GMR  systems  with  large  changes  in  resistivity  A  p/p  of 
50%-90%,  like  Fe/Cr  or  Co/Cu  multilayers,  have  very  large 


saturation  fields,  typically  800  kA/m  (10  000  Oe).3  This  is 
not  useful  for  recording  applications,  where  the  field  from 
the  bits  is  typically  0.8-8  kA/m  (10-100  Oe)  at  the  sensor. 
One  requirement  for  GMR  is  antiparallel  alignment  of  the 
magnetization  between  neighboring  domains.  A  way  of 
achieving  this  is  to  antiferromagnetically  (AF)  couple  the 
layers  using  exchange  interactions.4  The  layers  can  be  engi¬ 
neered  to  obtain  the  strongest  AF  coupling,  which  in  turn 
produces  the  largest  GMR.  However,  to  saturate  the  material, 
it  is  necessary  to  overcome  this  large  exchange  force,  requir¬ 
ing  very  large  saturation  fields.  The  lesson  is  that  the  largest 
GMR  is  not  necessarily  the  best  for  some  applications  like 
read  heads,  where  high  sensitivity  is  needed  at  low  fields. 
High  sensitivity  at  low  field  can  be  achieved  by  setting  the 
AF  coupling  to  a  weaker  level,  or  by  using  some  other  form 
of  coupling  to  obtain  antiparallel  alignment.  In  the  NiFe/Ag 
system,  the  coupling  is  magnetostatic,  which  is  accomplished 
by  annealing  the  multilayer  into  a  discontinuous  structure. 
This  system  has  exhibited  some  of  the  highest  sensitivities  at 
low  fields.5 

The  NiFe/Ag  films  were  made  following  the  original 
prescription  outlined  in  Ref.  5.  The  films  consisted  of  seven 
sputtered  bilayers  with  a  4.4  nm  layer  of  Ag  and  a  2  nm  layer 
of  Ni82Fe18.  The  films  were  annealed  at  340  °C  for  5  min  to 
obtain  a  A R/R  of  4.5%.  The  thickness  of  the  Ag  layer  is  such 
that  the  layers  are  not  exchange-coupled.  The  microstructure 
of  similar  films  has  been  studied  in  detail  by  Parker  et  al.6 
using  scanning  electron  microscopy  and  cross-sectional 
transmission  electron  microscopy,  and  they  determined  that 
Ag  bridges  form  during  the  anneal  through  the  NiFe  grain 
boundaries.  This  is  important  in  the  NiFe/Ag  multilayers  be¬ 
cause  magnetic  poles  can  form  along  the  edges  of  the  grains 
and  couple  by  magnetostatic  fields  to  grains  in  adjacent  lay¬ 
ers,  producing  antiparallel  alignment.7  We  have  worked  on 
simulating  the  response  using  a  micromagnetic  model  of  the 
magnetostatic  interactions  of  a  matrix  of  NiFe  grains  in  Ag, 
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FIG.  1 .  Schematic  diagram  of  field-pulse  apparatus.  The  time  constant  of 
the  field  coil  is  determined  by  the  inductance  L  and  resistance  R ,  and  is 
10  jus.  The  maximum  field  amplitude  of  the  pulse  is  8  kA/m  (100  Oe). 

and  found  some  agreement  with  experimental  results.8 

The  films  were  fabricated  into  devices  with  Au  current 
leads.  Track  widths,  defined  as  the  distance  between  the  Au 
leads,  varied  from  1  to  16  /am.  The  total  width  of  the  stripe 
was  typically  much  longer  than  the  track  width.  The  height 
of  the  stripes  varied  from  0.5  to  16  fim.  The  active  area  of 
the  device  is  defined  as  the  stripe  height  times  the  track 
width. 

III.  RELAXATION 

The  frequency  response  of  NiFe  read  heads  is  generally 
limited  by  eddy  currents,  which  reduce  the  permeability  of 
the  NiFe.  The  strength  of  the  eddy  currents  depends  on  the 
size,  thickness,  and  conductivity  of  the  element  as  well  as  the 
strength  and  frequency  of  the  external  field.  Presently,  the 
permeability  of  NiFe  read  heads  remains  high  up  to  100 
MHz,  which  is  adequate  for  recording  applications.  The  in¬ 
trinsic  limitation  of  NiFe  devices  is  related  to  the  relaxation 
time  of  the  ferromagnetically  coupled  spin  system  and  is  on 
the  order  of  10-9  s,  suggesting  that  these  devices  could  be 
used  up  to  1  GHz.  However,  for  the  NiFe/Ag  discontinuous 
GMR  devices,  the  granular  structure  leads  to  other  relaxation 
effects.  In  this  case,  the  magnetostatic  fields  from  the  mag¬ 
netic  grains  interact,  causing  the  magnetization  distribution 
to  thermally  relax  into  a  metastable  configuration.  When  one 
grain  switches,  it  changes  the  field  distribution  and  the  relax¬ 
ation  conditions  of  the  other  grains,  which  in  turn  may 
switch,  and  the  process  continues  until  equilibrium  is 
reached. 

To  measure  the  frequency  response  of  the  GMR  devices, 
we  constructed  an  apparatus  that  can  supply  a  longitudinal 
field  pulse  up  to  8  kA/m  (100  Oe)  with  a  tum-on/off  time 
constant  of  10  juls.  The  apparatus  is  shown  in  Fig.  1.  The  time 
constant  of  the  field  pulse  is  determined  by  L/R,  making  it 
necessary  to  use  a  small  inductance  L  and  a  large  resistance 
R.  However,  to  get  enough  field  from  the  coil,  high  voltage  is 
needed  to  produce  a  large  current.  We  use  a  low  duty  cycle 
for  the  pulse  (one  pulse  per  second)  so  that  coil  heating  is 
kept  small.  A  GMR  device  is  placed  at  the  center  of  the  coil 
and  exposed  to  the  longitudinal  field  pulse  while  the  output 
of  the  sensor  is  monitored  using  a  high-frequency  16  bit 
digital  oscilloscope.  To  remove  any  background  signal  due  to 


FIG.  2.  Time  response  to  the  field  pulse  for  a  4X4  fi m  (active  area) 
NiFe/Ag  device.  The  turn-on  time  constant  of  the  device  is  nearly  the  same 
as  that  of  the  field  pulse.  However,  the  turn-off  time  constant  is  approxi¬ 
mately  300  jjis. 


the  small  inductance  of  the  current  leads  and  the  sensor,  two 
measurements  are  made,  one  with  current  applied  to  the  de¬ 
vice  and  the  other  without.  There  are  typically  20  curves 
taken  and  averaged  to  improve  the  signal-to-noise  level. 

To  test  the  system,  we  measured  a  continuous  NiFe  de¬ 
vice  and  found  that  the  output  follows  the  applied  field  pulse 
with  a  time  constant  of  10  juls.  The  relaxation  is  described  by 
a  time  constant  r  in  the  relation  AR(t)~  AR0e~t/r,  where 
A R(t)  is  the  change  in  resistance  versus  time  and  A R0  is  the 
characteristic  GMR  of  the  device. 

The  response  of  a  4X4  /zm  (active  area)  NiFe/Ag  GMR 
device  is  shown  in  Fig.  2.  The  turn-on  time  of  the  response 
nearly  coincides  with  that  of  the  applied  field  pulse.  The 
output  remains  flat  until  the  turn-off  step  (see  Fig.  2)  at  time 
f=0,  where  a  decay  time  constant  of  300  /ns  is  observed.  The 
fast  turn-on  time  of  the  device  is  due  to  the  large  torque 
exerted  on  the  magnetic  moments  of  the  grains  from  the 
applied  longitudinal  field,  which  is  large  enough  to  saturate 
the  magnetization.  For  the  turn-off  step,  however,  the  torque 
from  the  applied  field  suddenly  goes  to  zero  and  all  of  the 
magnetic  grains  thermally  relax  to  the  zero-field  condition. 
The  interacting  magnetostatic  fields  from  the  magnetic  grains 
affect  this  process  (this  is  not  the  case  for  continuous  NiFe 
devices)  because  the  field  emanating  from  a  given  grain 
changes  the  relaxation  conditions  of  neighboring  grains. 
Long  time  constants  may  limit  the  usefulness  of  this  type  of 
material  in  applications  like  magnetic  recording. 

Device  size  also  affects  the  GMR  response  to  the  field 
pulse,  as  shown  in  Fig.  3  for  a  0.7X1  /z m  device.  In  Fig. 
3(a),  the  response  is  shown  for  a  slowly  changing  field  cycle. 
The  main  things  to  note  are  the  structure  and  hysteresis  in  the 
response,  which  are  due  to  the  discontinuous  microstructure 
of  the  film.  Discrete  switching  of  magnetic  grains  or  clusters 
produce  jumps  in  the  response.1,2  The  0.7  X 1  /zm  device  was 
then  exposed  to  the  field  pulse  and  the  output  is  shown  in 
Fig.  3(b).  The  turn-off  response  is  not  an  exponential  decay 
as  observed  for  the  larger  devices,  but  rather  has  steps  or 
bends.  The  steps  are  not  as  sharp  as  they  might  be  due  to  the 
curve  averaging.  Note  that  the  output  voltage  does  not  return 
to  the  initial  value  in  the  time  period  shown  in  the  figure 
(eventually  it  does  relax  back  to  AR-0).  Single-shot  mea¬ 
surements  would  show  more  distinct  switching  events  as 
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FIG.  3.  (a)  GMR  response  to  a  slowly  changing  applied  field  cycle  for  a 
0.7  X 1  fx m  NiFe/Ag  device,  and  (b)  time  response  of  the  device  to  the  field 
pulse.  Note  the  structure  in  the  relaxation  curve. 

jumps  in  the  relaxation,  but  the  noise  was  not  low  enough  to 
observe  this. 

If  a  constant  field  is  always  applied  to  the  device  then 
the  magnetic  grains  would  partially  align  along  the  field  di¬ 
rection,  reducing  the  noise  and  relaxation  rate.  The  magnetic 
field  due  to  the  applied  current  flowing  through  the  device 
may  be  used  to  do  this.9  The  current  density  produces  a 
constant  field  transverse  to  the  current  flow  that  can  be  used 
to  align  the  moments.  The  turn-off  response  of  a  4X4  /tm 
device  to  the  field  pulse  is  shown  in  Fig.  4  for  low  and  high 
current  densities  for  single-shot  measurements.  The  curves 
were  normalized  so  that  the  decay  rates  could  be  compared. 
(The  values  of  A R/R  are  not  the  same  because  the  high 
current  density  causes  a  12%  reduction  in  GMR  response.) 
The  time  constant  of  the  5X105  A/cm2  curve  is  greater  than 
300  /xs  and  reduces  to  approximately  150  /xs  at  1X107 
A/cm2. 

IV.  CONCLUSIONS 

We  measured  the  time  response  of  NiFe/Ag  discontinu¬ 
ous  GMR  devices  to  a  sharp  field  pulse  and  observed  relax- 


FIG.  4.  The  turn-off  time  response  to  the  field  pulse  for  a  4X4  fim  (active 
area)  NiFe/Ag  device  at  low  and  high  current  densities.  The  self  field  due  to 
the  applied  current  density  of  1X107  A/cm2  halves  the  relaxation  rate. 

ation  time  constants  greater  than  300  /xs  when  the  applied 
field  switches  from  saturation  to  zero.  When  the  field  is  ap¬ 
plied,  the  torque  on  the  magnetic  grains  composing  the  dis¬ 
continuous  film  causes  the  moments  to  respond  quickly. 
However,  when  the  field  is  turned  off,  interacting  magneto¬ 
static  fields  from  the  grains  and  thermal  activation  dominate 
the  response,  causing  the  long  relaxation  rates.  We  observed 
size  effects  in  the  response  for  devices  approaching  1  /xm  in 
size.  In  addition,  the  relaxation  rate  depends  on  the  magnetic 
field,  whether  due  to  an  external  field  or  self  fields  from  the 
applied  current.  Application  of  a  current  density  lxiO7 
A/cm2  halved  the  time  constant  for  a  4X4  /xm  active  area 
device.  The  long  time  constants  observed  in  the  discontinu¬ 
ous  NiFe/Ag  system  may  limit  their  usefulness  as  read-head 
sensors  where  high  bit  rates  are  used. 
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The  experimental  devices  presented  here  enable  us  to  measure  variations  with  magnetic  field  of 
electrical  resistances  in  the  range  (0.1  nil,  1  pfl),  for  applied  magnetic  fields  up  to  3  T,  and  for 
temperatures  less  than  9  K.  The  setups  work  with  three  measurement  methods.  Two  provide  direct 
access  to  R(H ),  one  in  constant  current,  the  other  in  alternating  current.  Their  absolute  sensitivity 
is  about  1  pH,  and  their  relative  resolution  A R/R  is  limited  to  0.3%.  The  third  method  is  a  sinusoidal 
field  modulation  technique  giving  the  field  derivative  of  the  resistance:  dRIdH.  It  is  sensitive  to 
variations  of  the  resistance  as  small  as  1  pH  independent  of  the  absolute  resistance  of  the  sample, 
thus  the  resulting  resolution  A  R/R  is,  for  example,  10“6  for  a  1  /mfl  sample.  With  these  devices,  the 
magnetoresistance  of  multilayers  can  be  studied  with  the  current  perpendicular  to  the  plane. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)54808-0] 


I.  INTRODUCTION 

Since  the  discovery  in  1988  of  the  giant  magnetoresis¬ 
tance  (GMR)  of  Fe/Cr  multilayers,1  many  multilayer  systems 
composed  of  ferromagnetic  layers  alternating  with  nonmag¬ 
netic  layers  have  been  found  to  exhibit  the  same  effect,  as  for 
example  Co/Cu,  Co/Ag,  NiFe/Ag.  Their  electrical  transport 
properties  have  been  extensively  studied  with  the  current 
flowing  in  the  multilayer  plane.2  This  geometry  yields 
sample  resistances  in  the  range  (1  mH-1  H)  and  the  GMR 
effect  can  be  investigated  with  standard  measurement  tech¬ 
niques.  Whereas  numerous  theoretical  models  have  been  de¬ 
veloped  to  describe  the  GMR  effect  with  the  current  flowing 
perpendicular  to  the  multilayer  plane  (CPP-MR),3  few  ex¬ 
perimental  results  have  been  obtained,4,5  the  measurements 
being  difficult.  The  square  resistance  of  the  samples  is  indeed 
about  10~8  H  mm2  in  this  geometry.  For  samples  of  surfaces 
0.1-1  mm2,  the  resistances  to  be  measured  range  from  10“8 
to  10“7  H.  If  biased  with  a  10  mA  current,  the  voltage  ap¬ 
pearing  across  the  sample  is  10“10-10“9  V  and  to  study  the 
magnetoresistance  effects  properly,  the  measurement  method 
must  have  at  least  a  10“2  resolution.  So  the  sensitivity  of  the 
measurement  method  has  to  be  better  than  10“ 12  V. 

In  this  paper,  we  describe  techniques  which  allow  such 
measurements.  The  first  two  give  a  direct  access  to  R(H ), 
the  third  one  yields  dRIdH.  All  are  original  in  this  investi¬ 
gation  field  and  achieve  high  sensitivities  not  attainable  with 
commercial  instruments.  We  present  the  principles  of  the 
three  methods,  the  experimental  setups,  their  resulting  per¬ 
formances,  and  the  conditions  required  to  get  them.  Then  we 
show  some  CPP-MR  measurements  made  on  multilayer 
samples. 

II.  R(H)  MEASUREMENTS  WITH  CONSTANT 
CURRENT 

The  setup  is  designed  to  measure  R(H)  from  50  mK  to  9 
K.  A  constant  current  is  applied  to  the  sample  and  a  constant 
voltage  appears  across  it.  Because  this  voltage  is  very  low 
(10“10  V),  it  is  amplified  at  low  temperature  and  as  close  to 
the  sample  as  possible  to  avoid  the  appearance  of  parasitic 
thermoelectric  voltages  than  can  be  far  bigger  than  the  sig¬ 


nal.  To  do  this,  the  constant  voltage  is  first  made  alternating 
by  means  of  a  superconducting  chopper6  which  consists  of  a 
superconducting  bridge,  two  opposite  branches  of  which  are 
made  normal  alternatively  with  the  aid  of  heating  light- 
emitting  diodes  (LED)  at  a  frequency  of  about  30  Hz  (see 
Fig.  1).  The  alternating  voltage  is  amplified  with  a  trans¬ 
former  of  amplification  rate  25  000  working  at  4.2  K,  and 
then  with  a  low-noise  amplifier  with  a  field-effect  transistor 
(FET)  working  at  150  K.  Finally,  the  signal  is  detected  with 
a  lock-in  amplifier.  This  system  is  placed  in  a  dilution  refrig¬ 
erator  equipped  with  a  superconducting  magnet  delivering 
fields  up  to  0.7  T.  Its  input  noise  voltage  is  10“ 12  V/VHz  in 
working  conditions  and  in  the  maximum  field.  Averaging  the 
signal  over  100  s,  the  sensitivity  of  the  method  in  thus  10" 13 
V.  With  a  sample  current  of  0.1  A,  the  absolute  sensitivity  in 
terms  of  resistance  is  thus  10“ 12  H,  the  resolution  of  the 
method  A  R/R  being  to  0.3%. 

III.  R(H)  MEASUREMENTS  WITH  ALTERNATING 
CURRENT 

It  consists  in  detecting  the  ac  voltage  that  appears  across 
a  sample  supplied  with  a  known  ac  current  i  of  frequency  f 
and  placed  in  a  constant  magnetic  field  H.  The  voltage  to  be 
measured  V  is  amplified  with  a  transformer  of  ratio  25  000 
working  at  4.2  K  and  then  with  a  low-noise  FET  amplifier  at 
room  temperature,  before  being  detected  with  a  lock-in  am¬ 
plifier.  This  voltage  V  follows  the  equation: 


FIG,  1.  Schematic  diagram  of  the  constant  current  R(H)  measurement 
method. 
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FIG.  2.  Schematic  diagram  of  the  alternating  current  R(H)  measurement 
method. 


V=R(H)i  +  Mpjt, 


(1) 


where  Mp  is  the  parasitic  mutual  inductance  coupling  the 
current  injection  circuit  and  the  voltage  measurement  circuit 
at  the  sample  level.  Mp  is  about  10  10  H.  As  (Mp  dildt )  is 
proportional  to  /  we  should  work  with  a  frequency  as  small 
as  possible.  But  lowering/,  the  noise  of  the  electronics  grows 
(it  is  proportional  to  1//  at  low  frequencies).  So  we  work  at 
the  frequency  where  the  white  noise  regime  of  our  apparatus 
is  reached,  that  is  9  Hz.  At  this  frequency  ( Mpa> )  is  about 
5X10"9  H,  which  is  far  bigger  than  the  desired  sensitivity  in 
terms  of  resistance.  Noticing  that  the  perturbating  voltage  is 
in  quadrature  with  the  one  of  interest,  it  can  be  avoided  using 
a  lock-in  amplifier  phase  locked  to  the  sample  current.  The 
error  it  induces  is  thus  reduced  by  a  factor  103-5X 10  12  fi. 
Injecting  in  the  circuit  a  signal  in  opposition  to  (Mp  dildt) 
with  the  aid  of  a  mutual  inductance  allows  it  to  be  reduced 
below  the  required  level  of  1  pH  equivalent. 

A  schematic  diagram  of  the  measurement  setup  is  pre¬ 
sented  in  Fig.  2.  It  works  at  4.2  K  with  fields  up  to  3  T.  Its 
noise  voltage  measured  in  working  conditions  under  a  field 
of  1  T  is  7  X  10" 13  V/VHz,  which  corresponds  to  an  abso¬ 
lute  sensitivity  of  0.7  pH  in  terms  of  resistance,  the  resolu¬ 
tion  of  the  method  A R/R  being  limited  to  0.3%.  This  setup 
has  been  designed  to  permit  the  rotation  of  the  sample  in  the 
field.  It  allows  the  study  of  the  angular  dependence  of  the 
CPP-MR  of  spin-value  multilayers  like,  for  example,  A g/ 
NiFe/Ag/Co. 


IV.  ( dR/dH )  MEASUREMENTS 

With  the  method  we  describe  now,  we  get  dRldH(H). 
The  sample  is  subjected  to  a  constant  field  H  to  which  is 
superposed  a  small  modulation  dH  at  frequency  f { .  The  idea 
is  to  detect  the  response  of  the  sample  resistance  to  the  field 
modulation.  If  the  current  biasing  the  sample  is  a  constant 
current,  the  voltage  appearing  across  the  sample  is  the  sum 
of  a  constant  term: 

Vic=R(H)I,  (2) 

and  an  alternating  term  at  the  frequency  fx : 


FIG.  3.  Schematic  diagram  of  the  dR/dH  measurement  method.  The  nu¬ 
merical  lock-in  amplifier  detects  the  signal  at  /  (which  is  five  times  its 
reference  frequency). 


Vfi  = 


dR\ 

dHj 


H 


dHI+— , 
dt 


(3) 


where  d$>!dt  is  the  flux  variation  created  by  the  field  modu¬ 
lation  and  seen  by  the  voltage  measurement  circuit.  Working 
at  9  Hz  with  a  field  modulation  of  10  Oe,  this  perturbating 
term  is  about  1CT7  V  which  is  105  times  the  required  sensi¬ 
tivity.  To  avoid  d&ldt,  the  first  idea  is  to  inject  a  voltage  in 
opposition  to  it  using  a  mutual  inductance  placed  in  the  de¬ 
tection  circuit.  This  way,  it  is  reduced  by  a  factor  103,  which 
is  still  not  sufficient  to  achieve  the  minimum  required  sensi¬ 
tivity  of  10" 12  V.  So,  the  second  idea  is  to  supply  the  sample 
with  a  sinusoidal  current  i  of  frequency  /2.  The  voltage  ap¬ 
pearing  across  the  sample  is  thus 

ldR\  d$  di 

v‘RWi+[m)dHi^+u'J,-  (4) 

'  '  H 


The  perturbating  terms  are  then  at  frequencies  fx  and/2,  and 
the  term  of  interest  is  at  (fl  +/2)  and  (f{  -/2).  Amplifying  V 
the  same  way  as  in  the  R(H)  method,  and  detecting  its 
(/i+/2)  component  (V/1+/2)  with  a  lock-in  amplifier,  we 
get  dRldH(H).  In  fact,  the  rejection  of  the  lock-in  amplifier 
between  the  signals  at  different  frequencies  is  104,  and  the 
component  of  V  at  (d<$/dt)  is  more  than  104  times  the 
required  sensitivity  level,  so  the  rejection  of  the  lock-in  am¬ 
plifier  is  not  sufficient.  d$!dt  has  to  be  first  opposed  using  a 
mutual  inductance,  and  then  V/1+y2  can  be  measured  without 
any  error  induced  by  Vy1  and  Vy2. 

For  this  measurement,  the  detection  frequency  /  we  use 
is  9  Hz.  The  way  to  avoid  any  perturbations  produced  by  the 
small  harmonic  distortion  of  the  d$ldt  term  induced  by 
Foucault  currents  in  the  calorimeter,  is  to  choose  /i+/2  dif¬ 
ferent  from  any  higher  harmonic  of  .  In  what  follows,  the 
detection  frequency/!  +/2  is  called /.  Practically,  we  took/j 
equal  to  0.8  /and/2  equal  to  0.2/ 

A  block  diagram  of  the  setup  is  presented  in  Fig.  3. 
It  works  at  4.2  K  with  fields  up  to  3  T.  Its  noise  volt¬ 
age  measured  in  working  conditions  under  a  field  of  1  T  is 
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FIG.  4.  CPP-MR  of  (Ag  40  A/Co  4  A/Ag  40  A/NiFe  20  A)20  at  4.2  K 
obtained  with  both  R(H )  methods.  The  double  arrow  in  the  inset  indicates 
for  comparison  the  dR/dH  value  measured  at  one  point. 

7  X  1 0  “ 13  V/  VHz.  It  is  sensitive  to  variations  of  the  resis¬ 
tance  as  small  as  0.7  pO  independent  of  the  absolute  resis¬ 
tance  of  the  sample,  thus  the  resulting  resolution  A R/R  is, 
for  example,  better  than  10-6  for  a  1  pCl  sample.  This 
ultrahigh  resolution  has  the  advantage  of  allowing  magne¬ 
toresistance  studies  of  systems  with  very  low  magnetoresis¬ 
tances. 

V.  PRECAUTIONS 

In  order  to  achieve  the  sensitivities  presented  in  Secs.  II 
to  IV,  all  sources  of  noise  present  in  the  circuits  have  been 
reduced. 

To  minimize  the  thermal  noise ,  the  transformer  is  placed 
in  the  helium  bath.  This  reduces  the  Nyquist  noise  of  its 
copper  secondary,  and  enables  the  use  of  superconducting 
wires  at  primary.  The  total  resistance  of  the  measurement 
circuit  seen  from  its  input  is  about  10”6  fl,  which  generates 
a  total  Nyquist  noise  of  2X10-14  V/a/Hz. 

The  electromagnetic  perturbations  are  minimized.  Elec¬ 
trostatic  shielding  is  ensured  by  the  stainless-steel  Dewar  and 
a  metallic  shielding  of  the  cables  outside  of  it.  The  length 
and  surface  of  each  circuit  are  reduced  to  their  minimum  in 
order  to  reduce  the  effect  of  the  electromagnetic  perturba¬ 
tions  coming  from  electronic  devices,  radio  waves,  and  the 
Earth’s  magnetic  field.  Moreover,  the  transformers  and  mu¬ 
tual  inductances  are  shielded  from  field  variations  by  putting 
them  in  superconducting  containers.  These  boxes  at  the  same 
time  shield  out  the  constant  field  H ,  in  which  the  transform¬ 
ers  cannot  work  properly. 

The  last  type  of  noise  we  had  to  deal  with  is  micro- 
phonic.  To  reduce  the  vibration  transmitted  by  the  building, 
the  Dewar  is  set  on  pneumatic  shock  absorbers.  Some  cables 
used  are  totally  rigid,  and  the  others  are  partially  tied  up. 
Despite  this,  the  resulting  noise  level  (see  Secs.  II  to  IV)  is 
mainly  due  to  the  motion  of  the  wires  in  the  magnetic  field. 
This  noise  voltage  is  proportional  to  the  field  and  is  about 
10“ 12  V/  V5z  per  T. 

VI.  MEASUREMENTS 

To  illustrate  the  high  sensitivity  of  the  setups  presented 
above,  we  have  measured  the  CPP-MR  of  Ag/Co/Ag/NiFe 
multilayers  deposited  between  two  superconducting  leads  by 
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FIG.  5.  Angular  dependence  of  the  CPP-MR  of  (Ag  40 A/Co  4A/Ag  40A/ 
NiFe  20A)20  at  4.2  K. 

sputtering  on  Si(100)  substrates.  They  were  prepared  and 
supplied  by  Schroeder  and  co-workers.  A  typical  R(H)  curve 
at  4.2  K  is  given  in  Fig.  4,  the  two  R(H)  methods  gave  the 
same  result. 

For  the  first  time,  the  angular  dependence  of  the  giant 
magnetoresistance  of  multilayers  has  been  measured  with  the 
current  applied  perpendicular  to  the  multilayer  plane.  In  the 
sample  studied,  the  magnetization  of  the  Ni80Fe20  layers  can 
be  rotated  by  rotating  the  sample  in  a  small  field,  without 
affecting  the  remanent  magnetization  of  the  Co  layers.7  The 
sample  is  saturated  in  a  field  of  5000  Oe  and  then  rotated  in 
150  Oe.  The  magnetization  of  the  Co  follows  the  sample 
rotation,  whereas  the  magnetization  of  Ni80Fe20  remains  par¬ 
allel  to  the  applied  field.  The  angle  between  the  magnetiza¬ 
tions  is  called  0.  A  R(®)  curve  is  presented  in  Fig.  5.  Analy¬ 
sis  and  physical  interpretations  of  these  measurements  will 
be  presented  elsewhere. 

We  have  tested  the  dRIdH  method  on  these  samples.  A 
measure  at  one  point  is  given  by  the  double  arrow  in  the 
inset  of  Fig.  4.  We  see  that  the  results  obtained  with  the 
dRIdH  method  are  consistent  with  the  R(H)  measurements. 
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Engineering  coercivities  by  dual  ion  beam  sputtering  for  synthesizing  soft 
permalloy-based  spin-valve  multilayers  (abstract) 

C.  J.  Gutierrez,  R.  Dail,  R.  Selestino,  L.  Tristan,  and  M.  Khater 

Physics  Department ,  Southwest  Texas  State  University \ 

Steve  Michel 

Commonwealth  Scientific  Corporation 

Thin  permalloy  (Ni80Fe20)  single-layer  films  and  multilayers  were  fabricated  onto  Ta-buffered 
oxidized  silicon  substrates  using  a  prototype  dual  ion  beam  sputtering  system  (Commonwealth 
Scientific  Corporation).  The  room  temperature  substrates  were  placed  in  a  uniform  in-plane 
magnetic  field  during  growth  ( — 150  Oe)  yielding  a  uniaxial  magnetic  anisotropy  in  the  permalloy 
films  (typically  —6  Oe).  An  examination  of  single-layer  permalloy  films  with  thicknesses  from 
20-50  nm  indicated  that  the  presence  of  an  —100  eV  ion-beam  assist  beam  focused  directly  onto  the 
substrate  during  film  growth  consistently  modified  the  coercive  and  remnant  characteristics  of  the 
films.  Typically,  the  nonion  beam  assist  modified  NiFe  films  exhibited  a  coercivity  -1  Oe,  while  the 
ion  beam  assist  modified  films  exhibit  a  slightly  larger  coercivity  (—1.5  Oe).  Based  on  this  apparent 
influence  of  the  assist  ion  beam  treatment  on  the  film  coercivity,  the  fabrication  of  soft  spin-valve 
multilayer  structures  exploiting  differences  in  the  ion  beam  treatment  of  chemically  identical 
ferromagnetic  layers  seemed  plausible.  To  test  this  idea  ,two  parallel  series  of  multilayers  composed 
of  [2.5  nm  permalloy]-[Cu  (2.5  nm,  4  nm,  or  5.5  nm)]  or  [0.3  nm  Co-1.9  nm  permalloy  -0.3  nm 
Co]-[Cu  (2.5  nm,  4  nm,  or  5.5  nm)]  were  fabricated.  In  these  30  cycle  multilayers,  alternating 
ferromagnetic  layers  were  subjected  to  a  150  eV  assist  ion  beam  treatment  during  growth  (higher 
coercivity  layer),  or  to  NO  assist  ion  beam  treatment  during  growth  (lower  coercivity  layer).  VSM 
analysis  revealed  that  the  simplest  uncoupled  spin-valve  multilayer  configuration  consisted  of  the 
[2.5  nm  permalloy]-[4  nm  Cu]  multilayer  with  Hcl  —0.8  Oe  and  Hc2  —2.2  Oe,  and  the  [0.3  nm 
Co  -  1.9  nm  permalloy  -  0.3  nm  Co]  -  [4  nm  Cu]  multilayer  with  Hcl  —  3  Oe  and  Hc2  —  15  Oe. 

Film  analysis  by  low-angle  x-ray  diffraction  and  reflectivity,  as  well  as  the  effect  of  the  Co  interface 
layer  on  GMR  properties  will  also  be  reported.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)60908-0] 
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First  principles  determination  of  magnetocrystalline  anisotropy 
for  surfaces  and  interfaces  using  a  torque  method  (abstract) 

Xindog  Wang  and  A.  J.  Freeman 

Department  of  Physics  and  Astronomy ,  Northwestern  University ;  Evanston ,  Illinois  60208-3112 

R.  Wu 

Department  of  Physics,  California  State  University ;  Northridge,  California  91330-8268 

D.  S.  Wang 

Institute  of  Physics,  Academia  Sinica,  Beijing  100080,  People’s  Republic  of  China 

Perpendicular  magnetic  alignment  is  vital  for  high  density  magneto-optical  recording  materials. 
Despite  the  tremendous  theoretical/computional  advances  made  during  the  last  few  decades,  the 
determination  of  magnetocrystalline  anistropy  (MCA)  from  first  principles  still  remains  a  great 
challenge  for  complex  systems.  We  will  describe  our  recently  proposed  torque  method  for  the  first 
principles  determination  of  MCA.  In  the  usual  first  principles  methods,  one  calculates  the  band 
energies  associated  with  two  magnetization  directions  and  substracts  one  from  the  other.  Within  this 
approach,  one  has  the  difficulty  of  getting  rid  of  the  random  fluctuations  arising  from  the  two 
different  Fermi  surfaces  due  to  different  magnetization  directions.  We  show  that  to  accurately 
determine  the  spin-orbit  induced  uniaxial  ansisotropy  energy  for  surfaces/interfaces,  calculation  of 
the  torque  at  a  specific  angle  is  sufficient  and  one  avoids  the  complexities  associated  with  two  Fermi 
surfaces  by  employing  the  Feynman-Hellman  theorem.  In  the  &-space  integrations,  we  used  both 
linear  and  quadratic  interpolation  schemes  and  convergence  is  assured  when  these  two  schemes 
agree  to  the  accuracy  desired.  Examples,  including  Fe  and  Co  multilayer  systems,  will  be  presented 
to  demonstrate  the  efficiency  and  precision  of  this  method.  Detailed  comparisons  with  previously 
proposed  state-tracing  method  by  Wang  et  al. 1  are  also  made  and  discussed.  ©  1996  American 
Institute  of  Physics.  [S0021 -8979(96)43 108-0] 
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Theoretical  predictions  of  magnetic  interface  anisotropy  in  (Pd/Co/Pd)/X 
superlattices 

J.  M.  MacLaren 

Department  of  Physics,  Tulane  University,  New  Orleans,  Louisiana  70118 

We  present  first  principles  electronic  structure  calculations  of  the  magnetic  interface  anisotropy  for 
several  (lPd/lCo/lPd)/nX  superlattices  with  X=Pt,  Pd,  Ag,  or  Cu.  The  calculated  anisotropies  are 
compared  to  those  found  in  Co/X  and  (lPt/lCo/lPt)/nX  superlattices.  The  predicted  anisotropies  for 
monolayer  spacers  of  Ag  or  Cu  are  similar  in  magnitude  to  those  computed  for  Co/Pd  or  Co/Pt 
multilayers.  In  the  case  of  (lPd/lCo/lPd)/lPt,  the  anisotropy  is  enhanced  when  compared  to  either 
Co/Pt  or  Co/Pd  superlattices,  though  to  a  lesser  extent  than  that  computed  for  (lPt/lCo/lPt)/lPd. 
Surprisingly,  increasing  the  number  of  spacer  layers  to  three,  results  in  a  suppression  of  the 
perpendicular  anisotropy  in  (lPd/lCo/lPd)/3X  and  (lPt/lCo/lPt)/3Cu  superlattices.  This  result  is 
inconsistent  with  a  near-neighbor  Neel  model,  which  would  predict  little  sensitivity  to  the  number 
of  X  layers.  The  Neel  model  has  been  shown  to  work  quite  well  on  average  for  many  fcc-based 
Co/Pt  and  Co/Pd  multilayers.  This  suggests  that  the  details  of  the  superlattice  electronic  structure  are 
important  in  these  systems.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)21208-6] 


Magneto-optic  data  storage,  using  the  polar  Kerr  effect 
to  read  stored  data,  requires  a  media  with  both  perpendicular 
magnetic  anisotropy  and  a  satisfactory  Kerr  rotation.  In  order 
to  achieve  future  aerial  densities,  the  wavelength  of  the  laser 
used  to  read  data  will  need  to  be  about  400  nm.  Both  Co/Pt 
and  Co/Pd  superlattices  have  been  the  focus  of  recent  work 
since  they  exhibit  large  perpendicular  anisotropies  and  sig¬ 
nificant  Kerr  rotations  at  wavelengths  around  400  nm.1  The 
magnitude  of  the  magnetic  anisotropy  measured  in  a  particu¬ 
lar  superlattice  depends  crucially  upon  sample  preparation. 
Superlattices  with  sharper,  more  ideal  interfaces,  such  as 
those  made  by  molecular  beam  epitaxy,  have  the  largest 
anisotropies,  while  those  grown  by  sputtering  have  signifi¬ 
cantly  smaller  anisotropies  because  of  diffuse  interfaces.  As 
an  example  of  this,  several  1  Co/5Pd  superlattices  have  been 
prepared  under  different  growth  techniques.  The  observed 
magnetocrystalline  anisotropies  range  from  5.9  X107 
ergs/cm3  (Ref.  2)  for  a  sample  grown  by  molecular  beam 
epitaxy,  to  2.6X107  ergs/cm3  (Ref.  3)  for  a  sputtered  sample. 
Theoretical  values  for  a  perfect  lCo/5Pd  superlattice  with 
ideal  interfaces  show  even  larger  anisotropies,  namely 
6.6 X107  ergs/cm3  (Ref.  4)  and  8.7 X107  ergs/cm3.5  Within  a 
nearest-neighbor  Neel  model  of  magnetocrystalline 
anisotropy,6,7  we  have  previously  shown  that  the  magnitude 
of  the  interface  anisotropy  is  always  reduced  by  the  presence 
of  interfusion  at  the  interfaces7,8— a  result  consistent  with 
many  experimental  observations.  In  fact,  Bertero  and 
Sinclair9  have  stressed  that,  based  upon  their  experiments  for 
Co/Pt  superlattices,  the  most  important  parameter  controlling 
the  magnitude  of  the  anisotropy  is  the  sharpness  of  the  inter¬ 
faces  present.  Thus,  because  of  the  inevitable  loss  of  anisot¬ 
ropy  associated  with  the  presence  of  imperfect  interfaces  in 
the  superlattice,  it  is  clearly  desirable  to  have  a  structure  with 
a  large  intrinsic  magnetocrystalline  anisotropy. 

In  a  recent  experimental  study,  Bertero  and  Sinclair10 
observed  improved  coercivities  and  perpendicular  anisotro¬ 
pies  in  sputtered  (Pt/Co/Pt)/X  superlattices,  where  X=Pd, 
Ag,  or  Cu,  as  compared  to  equivalent  Co/X  superlattices. 
The  origin  of  the  enhanced  anisotropy  was  thought  to  result 


from  either  sharper  interfaces,  or  an  intrinsic  property  of  (Pt/ 
Co/Pt)/X  superlattices.  Bertero  and  Sinclair  noted  that  in 
high  resolution  transmission  electron  microscopy  images  that 
the  interfaces  in  the  (Pt/Co/Pt)/Pd  and  Co/Pt  superlattices 
appeared  to  be  chemically  sharp  and  of  a  similar  quality, 
suggesting  that  the  enhancement  was  an  intrinsic  property  of 
the  (Pt/Co/Pt)/Pd  superlattice  rather  than  through  the  produc¬ 
tion  of  better  interfaces.  However,  this  issue  could  not  be 
unambiguously  resolved,  since  reducing  the  number  of  Pt 
layers  in  the  structure  might  be  expected  to  improve  the 
quality  of  the  interface  in  Ar  sputtered  samples  because  of 
the  reduction  of  backscattered  Ar  from  the  Pt  target.  First- 
principles  electronic  structure  calculations  predicted 
anisotropies  of  (lPt/lCo/lPt)/nPd  that  were  several  times 
larger  than  equivalent  ICo/rcPt  or  ICo/nPd  superlattices.11 
The  calculated  enhancements  were  similar  to  those  seen  ex¬ 
perimentally.  Since  the  calculations  all  assumed  perfect  in¬ 
terfaces,  it  was  concluded  that  this  was  an  intrinsic  effect. 

In  this  paper,  we  use  first-principles  electronic  structure 
calculations  to  study  similar  (Pd/Co/Pd)/X  superlattices  and 
compare  the  anisotropies  to  both  Co/X  and  (Pt/Co/Pt)/X  su¬ 
perlattices.  In  common  with  our  previous  first-principles 
studies  of  magnetic  anisotropy  we  have  used  the  layer 
Korringa-Kohn-Rostoker  technique.  This  approach  and  its 
application  to  the  calculation  of  magnetocrystalline  anisot¬ 
ropy  has  been  discussed  in  detail  in  several  other 
publications.4,7,12  In  summary,  the  electronic  structure  for  a 
perpendicular  magnetization  direction  is  solved  self- 
consistently  within  the  local  spin  density  approximation,  us¬ 
ing  the  Janak,  Moruzzi,  and  Williams  parametrized  func¬ 
tional  to  describe  electronic  exchange  and  correlation.13  The 
muffin-tin  approximation  to  the  crystalline  potential  is  as¬ 
sumed.  The  scalar  relativistic  Schrodinger  equation  including 
the  spin-orbit  term  was  solved  within  each  muffin-tin  sphere 
using  the  approach  of  Koelling  and  Harmon,14  leading  to  a 
set  of  coupled  differential  equations.  The  longitudinal  direc¬ 
tion  is  then  computed  as  a  perturbation  on  the  self-consistent 
perpendicular  solution.  The  magnetic  anisotropy  is  found 
from  the  force  theorem  by  considering  only  the  difference  in 
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TABLE  I.  Superlattice  anisotropy  energies  per  Co  atom. 


System 

Energy 

Energy 

Energy 

(Mergs/cm3) 

System 

(Mergs/cm3) 

System 

(Mergs/cm3) 

lCo/3Pt 

no 

lCo/3Pd 

90 

lCo/3Ag 

-33 

lCo/3Cu 

-2.6 

lPd/lCo/lPd/lPt 

130 

lPd/lCo/lPd/lAg 

107 

lPd/lCo/lPd/lCu 

67 

lPt/lCo/lPt/lPd 

320 

lPt/lCo/lPt/lAg 

110 

lPt/lCo/lPt/lCu 

76 

lPd/lCo/lPd/3Pt 

21 

lPd/lCo/lPd/3Ag 

8 

lPd/lCo/lPd/3Cu 

29 

!Pt/lCo/lPt/3Pd 

240 

!Pt/lCo/lPt/3Ag 

120 

!Pt/lCo/lPt/3Cu 

23 

the  eigenvalue  sum  that  is  corrected  for  small  changes  in 
Fermi  level  associated  with  the  change  in  magnetization 
direction.15  This  includes  all  first-order  changes  in  the  total 
energy.  The  approach  yields  essentially  identical  results  com¬ 
pared  to  the  difference  in  total  energies  of  self-consistent 
calculations  for  perpendicular  and  longitudinal  magnetiza¬ 
tion  directions.  Note  that  this  is  not  quite  the  same  as  using 
the  force  theorem  on  calculations  converged  without  the 
spin-orbit  interaction.  In  the  case  of  Co/Pt,  we  have  found 
that  this  other  approach  introduces  errors  of  about  10%  in  the 
anisotropy  energy.  As  in  previous  work,  care  was  taken  to 
ensure  convergence  in  all  calculational  parameters.  The 
calculations4  use  1620  special  k  points  in  the  two- 
dimensional  Brillouin  zone,  48  energy  points,  and  13  plane 
waves.  This  Brillouin  zone  sampling  corresponds  roughly  to 
80  000  wave  vectors  in  the  three-dimensional  Brillouin  zone. 
The  errors  in  the  calculated  anisotropies  are  estimated  at 
about  7%.  Convergence  was  demonstrated  for  Co/Pd  super¬ 
lattices  by  making  comparisons  to  calculations  which  used 
larger  basis  sets. 

All  of  the  superlattices  considered  in  this  paper  were 
assumed  to  be  unstrained  and  to  have  a  [111]  orientation.  The 
atomic  positions  are  those  of  a  fee  lattice  whose  lattice  con¬ 
stant  for  each  different  structure  was  chosen  to  be  a  compo¬ 
sition  average  of  the  elemental  lattice  constants.  This  choice 
of  lattice  constant  is  consistent  with  those  lattice  constants 
deduced  from  x-ray  diffraction  studies  of  [111]  Co/Pt16  and 
[111]  Co/Pd  systems.17  In  the  results  presented  here,  the  de¬ 
magnetization  energy  was  not  included.  Since  in  a  cubic  sys¬ 
tem  the  demagnetization  energy  represents  the  dominant 
contribution  to  the  volume  anisotropy,  the  calculated 
anisotropies  are,  therefore,  a  measure  of  the  interface 
anisotropies.  In  the  superlattice  geometry,  the  demagnetiza¬ 
tion  energy  always  favors  an  in-plane  anisotropy. 

The  calculated  magnetic  anisotropies  of  all  the  superlat¬ 
tices  studied  are  shown  in  Table  I.  A  positive  (negative)  num¬ 
ber  corresponds  to  perpendicular  (in-plane)  magnetocrystal¬ 
line  anisotropy.  With  the  exception  of  lCo/3Ag  and  ICo/ 
3Cu,  all  of  the  superlattices  are  computed  to  have 
perpendicular  anisotropy,  though  in  the  case  of  lCo/3Cu  the 
anisotropy  is  smaller  than  the  expected  accuracy  of  the  cal¬ 
culations.  Superlattices  with  monolayers  of  the  spacer  all  ex¬ 
hibit  enhanced  perpendicular  anisotropy  when  compared  to 
similar  Co IX  structures,  and  in  the  case  where  X  is  a  noble 
metal  the  anisotropies  are  similar  to  those  expected  in  Co/Pd 
or  Co/Pt  structures.  The  calculated  anisotropy  of  (lPd/lCo/ 
lPd)/lPt  is  larger  than  that  of  either  Co/Pt  or  Co/Pd,  though 
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it  is  significantly  smaller  than  that  seen  in  (lPt/lCo/lPt)/lPd, 
a  fact  which  probably  reflects  the  smaller  size  of  the  spin- 
orbit  interaction  in  Pd.  The  large  enhancement  calculated  for 
(lPt/lCo/lPt)/nPd  was  first  observed  experimentally  by 
Bertero  and  Sinclair;10  these  authors  also  found  improved 
anisotropies  and  coercivities  for  (lPt/lCo/lPt)/Ag  and  (IPt/ 
lCo/lPt)/Cu.  Surprisingly,  in  (lPd/lCo/lPd)/3X  superlat¬ 
tices,  the  anisotropy  is  sharply  reduced.  In  contrast  for  (IPt/ 
lCo/lPt)/3X  superlattices,  only  the  superlattice  with  a  Cu 
spacer  causes  a  similar  reduction  in  anisotropy.  In  previous 
work,4,7,8  we  have  used  a  near-neighbor  Neel  model  to  de¬ 
scribe  the  magnetic  anisotropy  of  fcc-based  Co/Pd  and  Co/Pt 
superlattices.  This  model  sums  a  pairwise  interaction  of  the 
form  L(M  R)2  over  all  near-neighbor  bonds  (M  and  R  are 
unit  vectors  representing  the  magnetization  and  interatomic 
separations).  The  interaction  strength  L  depends  only  on  the 
type  of  atoms  under  consideration.  The  Neel  model  repro¬ 
duces  the  anisotropy  of  the  Co/Pd  and  Co/Pt  systems  on 
average.  Microscopic  details  of  the  electronic  structure  have 
been  averaged  into  the  interaction  parameters  which  depend 
only  on  atomic  type  and  not  atomic  environment.  This  model 
is  applicable  when  the  electronic  structure  of  the  superlattice 
is  somewhat  insensitive  to  the  number  and  ordering  of  the 
constituent  layers.  Co/Pd  and  Co/Pt  superlattices  show  this 
behavior,  except  for  those  structures  containing  a  monolayer 
of  Co.  However,  in  (Pd/Co/Pd)/X  and  (Pd/Co/Pd)/X  super¬ 
lattices,  the  electronic  structure  is  very  sensitive  to  the  num¬ 
ber  and  ordering  of  the  layers  and  thus  a  simple  two- 
parameter  Neel  model  is  inadequate,  not  because  the 
interaction  is  long  ranged,  but  rather  because  the  interaction 
parameters  are  not  transferrable. 

In  Table  II,  we  show  the  Co  spin  and  orbital  moments 
for  all  the  superlattices  studied.  The  Co  layer  contributes  the 
dominant  contribution  to  the  anisotropy.  Some  insight  into 
the  calculated  anisotropies  can  be  obtained  from  Table  II. 
The  spin  and  orbital  moments  in  all  superlattices  containing 
Cu  are  quite  small.  The  size  and  anisotropy  of  the  orbital 
moments  and  the  magnetocrystalline  anisotropy  also  depend 
upon  the  strength  of  spin-orbit  coupling,18  thus  reduced  or¬ 
bital  moments  are  concomitant  with  reduced  anisotropy.  In 
the  other  superlattices,  where  the  Co  lz  orbital  moment  is 
significant,  it  is  found  that  the  change  in  orbital  moment 
between  perpendicular  and  longitudinal  magnetization  direc¬ 
tions  correlates  roughly  with  the  size  of  the  Co  contribution 
to  the  magnetocrystalline  anisotropy. 

In  conclusion,  the  anisotropy  of  (Pd/Co/Pd)/X  and  (Pt/ 
Co/Pt)/X  superlattices  seem  more  sensitive  to  the  environ- 
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TABLE  II.  Spin  and  orbital  moments,  and  anisotropy  energy  for  the  Co 
atom  in  Co/X,  (Pd/Co/Pd)/X,  and  (Pt/Co/Pt)/X  superlattices. 


System 

5< 

h 

h 

(Mergs/cm3) 

lCo/3Pt 

2.061 

0.106 

0.032 

66 

lCo/3Pd 

2.020 

0.122 

0.104 

41 

IPd/lCo/lPd/lPt 

2.131 

0.129 

0.012 

46 

IPt/lCo/lPt/lPd 

1.992 

0.101 

0.012 

170 

lCo/3Ag 

1.801 

0.138 

0.185 

-35 

lPd/lCo/lPd/lAg 

1.994 

0.140 

0.122 

58 

lPt/lCo/lPt/lAg 

1.945 

0.122 

0.030 

100 

lCo/3Cu 

1.398 

0.074 

0.101 

-6.8 

lPd/lCo/lPd/lCu 

1.735 

0.093 

0.010 

31 

lPt/lCo/lPt/lCu 

1.735 

0.086 

0.024 

57 

1  Pd/1  Co/ 1  Pd/3  Pt 

2.195 

0.142 

0.122 

23 

lPt/lCo/lPt/3Pd 

1.987 

0.100 

0.010 

47 

lPd/lCo/lPd/3Ag 

1.884 

0.119 

0.141 

0.3 

lPt/lCo/lPt/3Ag 

1.970 

0.122 

0.116 

93 

lPd/lCo/lPd/3Cu 

1.678 

0.082 

•  0.007 

14 

!Pt/lCo/lPt/3Cu 

1.565 

0.057 

0.025 

33 

ment  than  Co/X  structures.  Enhanced  anisotropies  are  pre¬ 
dicted  for  monolayers  of  X  in  both  (Pd/Co/Pd)/X  and  (Pt/Co/ 
Pt)/X  systems.  In  the  latter,  there  is  experimental  evidence  of 
enhanced  anisotropies  and  coercivities.  The  loss  of  anisot¬ 
ropy  in  the  (Pd/Co/Pd)/3X  superlattices  is  surprising  and  re¬ 
flects  the  details  of  the  electronic  structure  in  these  systems. 
Changes  in  Co  orbital  moment  provide  some  insight  into  the 
subtle  changes  in  electronic  structure  found  in  these  sets  of 
superlattices. 
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superlattices  that  the  interface  MCA  is  sensitive  to  the  geometry  arising  from  different  orientations. 

In  good  agreement  with  experiment,  the  interface  MCA  with  Cu  overlayers  is  found  to  peak  at  1 
monolayer  of  Cu-coated  Co/Cu(lll)  and  then  to  decrease  with  further  Cu  deposition.  In  addition  to 
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A  fundamental  understanding  of  the  magnetocrystalline 
anisotropy  (MCA)  arising  from  the  interface  between  mag¬ 
netic  and  nonmagnetic  metal  films  is  an  important  problem 
in  magnetism  that  continues  to  receive  a  great  deal  of  atten¬ 
tion.  Of  particular  interest  are  systems  that  display  perpen¬ 
dicular  magnetic  orientations  which  are  highly  desirable  for 
high  density  recording  media.  Examples  of  such  systems  in¬ 
clude  some  Co/X  (X=Cu,Ag,Pd,Pt)  multilayers  and  short 
periodic  superlattices,  where  for  Co  film  thicknesses  below  a 
few  atomic  layers  the  magnetic  easy  axis  is  found  to  align 
perpendicular  to  the  film  plane.1  The  key  to  understanding 
interface  MCA  appears  to  be  the  clarification  of  structural 
and  electronic  influences.  Experimentally,  the  study  of  the 
role  of  crystal  orientation  on  the  interface  MCA  of  single¬ 
crystal  Co/Pd  superlattices  grown  along  different  crystal  di¬ 
rections  shows  the  interface  contribution  to  MCA  as  inde¬ 
pendent  of  crystal  structure.2  On  the  other  hand,  an  explicit 
demonstration  of  the  orientational  dependence  was  given  by 
experiments  on  Co/Ni  superlattices.3  More  interestingly,  by 
an  in  situ  polar  Kerr  effect  measurement,  it  was  found  that 
the  interface  MCA  shows  anomalous  changes  in  ultrathin 
molecular-beam-epitaxy-grown  Co  films  with  and  without 
overlayers  of  various  nonmagnetic  metals  (Ag,Cu,Pd).  The 
perpendicular  MCA  is  strongly  peaked  near  1  monolayer 
(ML)  coverage,  which  is  most  pronounced  for  Cu,  and  the 
further  Cu  deposition  causes  a  drastic  decrease.4 

Stimulated  by  these  exciting  experimental  findings,  we 
here  present  calculated  MCA  results  for  superlattice  systems 
of  Co/Cu  with  (001),  (110),  and  (111)  orientations,  and  over¬ 
layer  systems  of  a  Co  ML  on  a  Cu(lll)  substrate,  and  with 
ML  and  bilayer  Cu  depositions.  The  lattice  constant  is  set 
equal  to  the  ideal  cubic  Cu  lattice  (a  —  4.83  a.u.).  For  the 
superlattices,  we  use  structures  consisting  of  the  repetition  of 
magnetic  Co  MLs  separated  by  n  layers  (w^5)  of  nonmag¬ 
netic  fee  (001),  (110),  and  (111)  Cu  slabs.  For  the  overlayers, 


the  adatoms  are  put  pseudomorphically  over  the  fee  sites  on 
the  Cu(lll)  substrate  and  the  vertical  positions  of  all  the 
atoms  are  optimized  by  calculating  the  atomic  force  acting 
on  each  atom  based  on  the  full  potential  linearized  aug¬ 
mented  plane  wave  (FLAPW)  method.  When  self- 
consistency  for  the  semirelativistic  calculation  is  achieved, 
i.e.,  the  average  root  mean  square  distance  between  the  input 
and  output  charge  densities  and  spin  densities  are  less  than 
2X10”4  <?/(a.u.)3,  the  interface  MCA  is  determined  by  calcu¬ 
lating  the  torque  at  0=45°,  where  0  is  the  angle  between  the 
magnetization  direction  and  the  film  plane.5  As  in  the  previ¬ 
ous  state-tracking  approach  (STA)  treatment,6  the  occupan¬ 
cies  of  the  perturbed  states  are  determined  by  tracking  the 
correct  states  from  the  unperturbed  wave  functions,  owing  to 
the  adoption  of  self-consistent  scalar  relativistic  charge/spin 
density.  The  convergence  of  the  MCA  energy  with  respect  to 
the  number  of  k  points  has  been  checked;  we  found  that  120 
k  points  in  the  irreducible  Brillouin  zone  (Bz)  is  sufficient  if 
an  error  bar  of  0.025  meV/adatom  for  the  MCA  energy  is 
allowed. 

The  calculated  MCA  can  be  simply  related  to  the  spin- 
orbit  coupling  (SOC)  between  the  occupied  and  empty  va¬ 
lence  states.  From  a  fundamental  point  of  view,  it  is  natural 
that  the  MCA  should  be  sensitive  to  the  geometry  arising 
from  different  orientations.  Owing  to  the  spin-orbit  interac¬ 
tion,  the  splitting  and  the  shifting  of  electronic  states  depend 
on  the  magnetization  direction.  In  the  simple  ML  case,  the 
lifting  of  twofold  degeneracies  is  found  to  play  an  important 
role  in  determining  the  interface  MCA  of  (001)-  and  (111)- 
oriented  Co  MLs.7  It  is  therefore  anticipated  that  a  lower- 
symmetry  interface,  such  as  (110),  which  has  no  degenera¬ 
cies,  will  exhibit  a  very  different  interface  MCA.  As  shown 
in  Table  I,  the  calculated  MCA  shows  an  appreciable  orien¬ 
tation  dependence,  and  the  most  pronounced  negative  MCA 
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TABLE  I.  Orientation  dependence  of  the  interface  (surface)  MCA,  A£sl  in 
meV  (and  in  mJ/m2  in  parenthesis),  and  spin  magnetic  moment  M  (in  (jlb)  in 
isolated  monolayer  and  superlattices. 


Orientation 

System 

M 

A£sl 

Exp.  (2 KSY 

(001) 

Co  ML 

2.06 

—  1 ,25( — 3.07) 

Co/Cu  1 

1.67 

0.02(0.05) 

Co/Cu3 

1.65 

0.31(0.76) 

Co/Cu5 

1.63 

0.46(1.13) 

0.21 

(110) 

Co  ML 

2.20 

— 2.40(-4.18) 

Co/Cu  J 

1.67 

-0.01  (-0.02) 

C0/CU3 

1.52 

— 0.12(— 0.21) 

-0.86 

(111) 

Co  ML 

1.83 

-0.85(-2.41) 

Co/Cu2 

1.51 

0.06(0.17) 

Co/Cu5 

1.58 

0.10(0.28) 

0.15 

aFrom  Ref.  1  in  mJ/m2  units. 


is  for  (110),  which  gives  almost  twice  as  large  a  value  as  in 
the  (001)  case. 

Upon  contact  with  a  nonmagnetic  substrate  at  the  inter¬ 
face,  the  energies  and  wave  functions  of  the  Co  states,  which 
are  mainly  out  of  plane  dz 2  and  dxz  yz  states,  will  be  changed 
by  interfacial  hybridization,  which  is  expected  to  affect  the 
strength  of  the  SOC  perturbation  between  these  states,  and 
thus  the  MCA  energy.  For  the  superlattices  considered,  the 
difference  in  geometry  arising  from  different  orientations 
will  lead  to  different  hybridization  strength,  and  this  is  also 
confirmed  by  the  calculated  magnetic  moments  given  in 
Table  I.  In  fairly  good  agreement  with  experiment,  the  easy 
axes  for  (001)-  and  (lll)-oriented  Co/Cu  superlattices  are 
perpendicular,  while  the  (llO)-oriented  Co/Cu  gives  an  in¬ 
plane  one. 

More  interestingly,  for  (OOl)-oriented  Co/Cu  superlat¬ 
tices,  when  the  Cu  spacer  increases  from  1  to  3  MLs,  the 
interface  MCA  changes  appreciably.  The  reason  is  that  when 
the  spacer  Cu  slab  becomes  thicker  than  1  ML,  the  Cu  d 
band  is  broadened  due  to  the  Cu-Cu  interaction,  and  the  top 
of  the  Cu  d  band  is  brought  closer  to  the  bonding  Co  d 
bands.  These  Cu  bands  strongly  interact  with  the  bonding  Co 
bands,  resulting  in  an  upward  shift  of  these  Co  bands.  Now, 
the  direct  interaction  between  the  Co  layer  and  its  next- 
nearest  neighbor  (nnn)  layer  is  expected  to  be  weak;  how¬ 
ever,  this  nnn  layer  strongly  influences  the  interface  Cu  layer. 
It  is  this  influence  which  leads,  in  turn,  to  the  appreciable 
change  of  the  Co  bands  and  to  the  prominent  change  of  the 
interface  MCA. 

For  clean,  ML  and  bilayer  Cu-coated  Co/Cu  overlayers, 
the  theoretical  interface  MCA  is  found  to  be  highly  sensitive 
to  the  presence  of  the  Cu  adsorbate  and  to  structural  relax¬ 
ation.  The  clean  Co/Cu(lll)  results  show  that  the  easy  axis  is 
in-plane,  and  switches  to  perpendicular  when  capped  with  1 
ML  of  Cu.  Deposition  of  the  second  Cu  layer  leads  to  a 
decrease  of  the  interface  MCA.  From  the  comparison  with 
the  calculated  MCA  for  unrelaxed  structures,  it  is  found  that 
the  peaked  feature  is  more  pronounced  owing  to  the  interface 
relaxation,  as  can  be  seen  from  Table  II. 

In  Fig.  1,  we  present  the  calculated  density  of  states 
(DOS)  for  spin  down  d  states  of  Co  atoms.  The  different 
hybridization  between  Co  and  Cu  due  to  structural  changes 


TABLE  II.  Calculated  A£sl  (in  meV)  and  spin  magnetic  moment  M  (in  (jlb ) 
of  Co  atoms  in  Co/Cu  with  different  Cu  coverage;  the  results  for  unrelaxed 
structures  are  shown  in  parenthesis. 


Cu  coverage 

Clean 

1  ML 

2  ML 

M 

1.57(1.60) 

1.26  (1.40) 

1.37(1.41) 

A  £sl 

-0.30(— 0.31) 

0.23  (0.08) 

-0.02(-0.05) 

in  the  interface  is  clearly  shown  by  the  DOS  peaks  in  the 
range  of  -1.0  to  1.0  eV  with  respect  to  EF.  Especially  for 
the  peak  just  below  the  EF ,  there  is  an  abrupt  change  versus 
Cu  coverage,  namely,  when  the  Cu  coverage  varies,  the  lo¬ 
cation  and  the  height  of  this  peak  is  greatly  enhanced  and 
reaches  a  maximum  with  1  ML  coverage.  This  feature  is 
consistent  with  the  magnetic  moment  of  Co  in  these  systems. 
As  shown  in  Table  II,  for  the  clean  case,  the  magnetic  Co  is 
at  the  surface,  and  the  hybridization  between  magnetic  Co 
and  nonmagnetic  Cu  atoms  is  expected  to  be  weak.  The  pres¬ 
ence  of  the  interface  Cu  atom  instead  of  vacuum  is  shown  to 
reduce  the  magnetic  moment  of  Co,  through  the  strong  inter¬ 
action  and  hybridization. 

Now  it  is  clear  that  the  effects  of  the  nonmagnetic  sub¬ 
strates  on  the  Co  MCA  arise  mainly  from  the  hybridization 
with  the  Co-dz2  and  Co ~dxzyz  states.  Obviously,  as  revealed 
in  an  effective  ligand  interaction  model  (ELIM),8  (i)  the  en¬ 
ergy  separation  between  the  Co  and  substrate  d  bands  and 
(ii)  the  strength  of  the  interfacial  hybridization  plays  a  key 
role  in  determining  the  MCA  energy.  The  stronger  the  hy¬ 
bridization,  the  more  the  perpendicular  MCA  prevails.  This 
makes  a  connection  between  the  interface  MCA  and  the 
above  DOS  features,  i.e.,  through  hybridization.  The  pres¬ 
ence  of  the  Cu  overlayer  results  in  an  upward  shift  of  these 
bonding  Co  states,  which  mainly  are  out-of-plane  Co- dzi  and 
Co -dxz  yz  states  in  the  Bz,  and  a  strongly  positive  MCA  con- 


FIG.  1 .  Projected  density  of  states  for  Co  spin  down  d  states  for:  (a)  clean 
Co/Cu;  (b)  1  ML  Cu-coated  Co/Cu;  (c)  2  ML  Cu-coated  Co/Cu. 
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tribution  exists  through  lz  coupling  between  occupied  dxz 
and  empty  dyz  bands.  The  presence  of  a  Cu  adsorption  layer 
instead  of  vacuum  is  somewhat  similar  to  the  Co/Pd  case,9 
where,  due  to  hybridization,  the  large  d — d  bonding  strength 
and  high  energy  of  the  Pd  d  band  cause  a  substantial  com¬ 
ponent  of  the  out-of-plane  bonding  Co  states  to  be  shifted 
upward,  and  thus  lead  to  a  strong  perpendicular  interface 
MCA. 

A  similar  argument  can  be  applied  to  explain  why  the 
second  Cu  layer  deposition  leads  to  a  decrease  in  the  inter¬ 
face  MCA.  Note  that  for  bilayer  Cu  coverage,  the  interface 
Cu  is  located  at  subsurface,  while  in  ML  Cu  coverage,  the 
interface  Cu  is  at  the  surface.  Obviously,  the  energies  of  the 
d  orbitals  for  surface  Cu  atoms  are  higher  than  those  of 
subsurface  Cu  atoms,  because  the  subsurface  Cu  atom  is 
more  bulklike.  The  strength  of  the  Co-Cu  hybridization  will 
be  stronger  if  the  interface  Cu  atom  is  located  at  the  surface, 
and  thus  a  more  positive  MCA  results. 

When  relaxation  is  introduced,  the  positive  MCA  is  en¬ 
hanced  for  the  1  ML  Cu  coverage  (cf.  Table  II).  This  can  be 
understood  from  the  strength  of  the  interfacial  hybridization. 
Owing  to  the  relaxation,  the  interatomic  distance  between  Co 
and  Cu  in  the  ML  Cu-coated  case  is  the  smallest,  and  then 
has  the  strongest  hybridization.  For  bilayer  Cu,  the  relaxation 
of  Co  and  interface  Cu  atoms  is  released  by  the  screening, 
the  interatomic  distance  between  Co  and  interface  Cu  is  in¬ 
creased,  and  then  weakens  the  interaction,  and  thus  the  posi¬ 
tive  contribution  to  interface  MCA  is  expected  to  become 
smaller. 

This  is  to  be  compared  with  the  Co/Cu(001)  overlayer 
and  sandwich  systems,8  where  the  downward  shift  of  out-of¬ 
plane  states  responsible  for  the  interface  MCA  changes  the 
result  from  a  more  negative  MCA  (-0.38  meV)  in  the  over¬ 


layer  to  near  zero  (-0.01  meV)  in  sandwich.  Here  in  the 
Co/Cu(lll)  overlayer  with  different  Cu  coverage,  the  MCA 
change  is  caused  by  two  effects,  the  presence  of  the  interface 
and  relaxation.  On  the  Co/Cu  surface,  due  to  the  surface 
effect  the  energy  of  the  coated  Cu  d  band  was  brought  closer 
to  the  bonding  Co  d  bands  and  thus  have  strong  interaction 
with  the  out-of-plane  Co  states;  this  results  in  an  upward 
shift  of  these  Co  bands,  and  a  strong  positive  MCA  contri¬ 
bution  exists  through  lz  coupling  between  occupied  dxz  and 
empty  dyz  bands.  More  Cu  deposition  is  expected  to  decrease 
the  surface  effect  on  the  Co/Cu  interface  and  then  weaken 
the  interaction  strength,  and  thus  the  interface  MCA  de¬ 
creases  drastically. 
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We  present  a  study  of  the  magnetic  properties  of  compact  Cr  clusters  deposited  on  Fe(001).  A  Cr 
monolayer  deposited  on  Fe(001)  is  found  to  be  c( 2X2)  ferrimagnetic  (AP)  and  the  moments  of  a 
single  adatom  and  very  small  clusters  are  antiferromagnetically  aligned  with  the  Fe  substrate 
moments  ( P ).  Therefore  a  transition  from  P  to  AP  order  is  expected  when  the  cluster  size  increases. 

An  Ising  model  is  used  to  model  the  magnetic  energy  of  two  geometric  configurations,  a 
square-shaped  and  a  diamond-shaped  cluster.  Self-consistent  tight-binding  calculations  allow  us  to 
determine  the  P  to  AP  transition  which  is  obtained  for  a  400  adatoms  square-shaped  cluster.  The 
pair  magnetic  energies  have  been  estimated  to  - 105.7  meV  for  the  first  neighbors  Fe-Cr  interaction 
and  to  —111.3  meV  for  the  second  neighbors  Cr-Cr  interaction  in  the  Ising  model.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)21408-9] 


I.  INTRODUCTION 


II.  ISING  MODEL 


The  magnetic  behavior  of  chromium  deposited  on  a  fer¬ 
romagnetic  iron  substrate  has  been  extensively  studied  dur¬ 
ing  the  last  decade,1-17  because  of  the  interesting  properties 
of  Fe/Cr  superlattices.  First  theoretical  studies  with 
tight-binding1  and  FLAPW  band  structure  calculations2  pre¬ 
dicted  that  the  monolayer  (001)  Cr  is  ferromagnetic  and  an¬ 
tiferromagnetically  aligned  with  Fe(001),  with  large  Cr  mo¬ 
ments  nearly  equal  to  3  ptB .  Nevertheless,  either  the  most 
recent  experimental  studies  cannot  estimate  the  moment3  or 
are  in  discrepancy  on  its  value.4,8  Hence,  Jungblut  et  al.4 
found  an  average  Cr  moment  of  1  fxB  and  Idzerda  et  al} 
found  0.6  (jlb  for  low  coverages,  whereas  several  authors5-6,9 
supposed  a  giant  moment  or  observed  Cr  magnetic  “dead 
layer”.10  Following  Bliigel,11  who  displayed  within  FLAPW 
an  antiferromagnetic  c(2X2)  configuration  as  the  most  stable 
solution  for  the  free-standing  Cr  monolayer  and  a  c(2X2) 
ferrimagnetic  solution  for  Cr  on  Pd  and  Ag,  tight-binding 
studies12,15  predicted  a  c(2X2)  ferrimagnetic  solution  as  the 
most  stable  state  for  the  Cr  monolayer  on  Fe(001).  The  en¬ 
ergy  difference  per  adatom  with  the  usual  p(  1X1)  ferromag¬ 
netic  solution  is  found  to  be  small  (—20  meV)  and  of  the 
order  of  the  room  temperature  excitation  energy.  Following 
Vega  et  al.}2  both  solutions  can  coexist  at  room  temperature 
and  the  experimental  determinations  of  both  the  chromium 
magnetic  structure  and  magnetic  moment  may  become 
harder.  In  this  paper,  we  investigate  the  magnetic  transition 
from  the  ferromagnetic  small  clusters  toward  the  c(2X2)  fer¬ 
rimagnetic  monolayer  of  Cr  deposited  on  Fe(001),  increasing 
the  size  of  the  clusters  for  two  different  shapes  (square,  dia¬ 
mond).  Section  II  is  devoted  to  the  model  of  the  magnetic 
configurations  with  a  two  parameters  Ising  model.  Tight- 
binding  calculation  results  are  summarized  in  Sec.  Ill  and  we 
conclude  in  Sec.  IV. 


Our  aim  is  to  determine  which  of  the  p(lXl)  ferromag¬ 
netic  (P)  and  of  the  c(2X2)  ferrimagnetic  (AP)  case  is  the 
most  stable  state  for  a  given  two-dimensional  (2D)  cluster. 
The  relative  stability  is  obtained  by  calculating  the  difference 
SEp-AP=Ep— Eap  between  the  band  energy  of  both  mag¬ 
netic  configurations.  The  lattice  parameter  of  Fe  and  Cr  be¬ 
ing  very  similar,  we  do  not  expect  buckling  like  in  the  case 
of  Mn  on  Fe(001).16 

If  we  consider  a  closed  packed  2D  cluster  with  any 
shape,  the  inner  adatoms  look  like  monolayer  adatoms  and 
the  AP  configuration  should  be  more  stable  than  the  P  one. 
On  the  other  hand,  adatoms  located  at  the  cluster  sides  look 
like  less-coordinated  adatoms  in  the  small  ferromagnetic 
clusters.  Therefore  a  competition  between  these  two  contri¬ 
butions  occurs:  (i)  one  contribution  favors  the  AP  configu¬ 
ration  and  is  proportional  to  the  cluster  area  (surface  effect) 
and  (ii)  the  second  one  favors  the  P  configuration  and  is 
proportional  to  the  perimeter  area  (side  effect).  In  order  to 
confirm  this  phenomenological  description,  we  derive  the 
analytical  expressions  for  SEP_AP  using  a  simple  Ising 
model.  We  consider  only  the  Cr-Fe  first  neighbors  (Jx)  and 
Cr-Cr  second  neighbors  (J2)  magnetic  interactions.  We  ex¬ 
pect  Jl  <0  favoring  the  antiferromagnetic  coupling  between 
the  Cr  adatom  and  the  Fe  surface  and  J2<0  favoring  the 
c(2X2)  antiferromagnetic  order  in  the  cluster.  The  magnetic 
energy  for  a  given  configuration  is 
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with  jVad  being  the  adatoms  number  in  the  cluster.  We  con¬ 
sider  two  different  configurations,  a  square-shaped  cluster 
(Fig.  1)  and  a  diamond-shaped  cluster.  We  expect  a  strong 
side  effect  for  the  first  one  because  of  several  Cr  adatoms 
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FIG.  1.  Magnetic  moments  of  a  Cr  64  adatoms  square-shaped  cluster  with  a 
ferromagnetic  order  and  antiferromagnetically  aligned  with  Fe(001)  (P  con¬ 
figuration).  The  arrows  display  magnitude  and  direction  of  the  local  mag¬ 
netic  moment. 

located  on  the  edges  and  ferromagnetically  aligned  with  Fe 
(Cr-Fe  frustrated  link).  On  the  other  hand  we  consider 
diamond-shaped  clusters  which  keep  the  c(2X2)  magnetic 
order  and  include  only  Cr  adatoms  antiferromagnetically 
aligned  with  Fe  (Cr-Fe  nonfrustrated  link)  on  the  edges. 
Therefore  the  side  effect  must  be  very  weak. 

If  x  is  the  cluster  size  parameter  (in  units  of  a0  for 
square-shaped  clusters  and  V2a0  for  diamond-shaped  clus¬ 
ters),  we  derive  the  following  expression  for  the  square: 

SEP-AP= 4x2(/1  -  J2)  +  Ax(2Jx  -  J2)  +  4  Jx  (2) 

and,  for  the  diamond, 

8EP-AP=4x1{Jx-J1).  (3) 

The  surface  effect  depends  on  the  competition  between 
Jx  and  J2  in  both  geometries.  It  is  expected  that  the  Cr-Cr 
interaction  J2  is  stronger  than  the  Cr-Fe  one  and  the  surface 
effect  contribution  is  positive  ( |^i | < l^l)  t0  favor  the  AP 
configuration.  We  also  note  that  (i)  the  constant  term  in  the 
square  case  comes  from  the  comers  and  (ii)  the  AP  configu¬ 
ration  is  already  the  most  stable  state  for  the  smallest  dia¬ 
mond  cluster  (5  adatoms). 

III.  TIGHT-BINDING  CALCULATIONS 

We  report  here  the  results  of  tight-binding  calculations 
with  the  two  cluster  geometries  considered  above.  This  study 
is  still  our  of  reach  for  ab  initio  techniques17  due  to  the  large 
number  of  inequivalent  atoms.  For  example,  we  investigate  a 
cluster  composed  of  400  Cr  adatoms  which  yield  about  1100 
inequivalent  atoms  in  the  Cr/Fe  system.  The  self-consistent 
calculations  have  been  done  in  the  mean-field  approxima¬ 
tion,  with  the  local  neutrality  approximation.13  The  Cr  and  Fe 
lattice  parameters  being  very  close,  we  assume  that  the  atoms 
are  located  on  a  perfect  Fe  lattice  and  are  not  allowed  to 
relax.1,2,11-13  Calculations  made  with  our  parameters13  give  a 
Cr  AP  monolayer  deposited  on  Fe(001)  as  the  most  stable 


FIG.  2.  Magnetic  moments  of  a  Cr  64  adatoms  square-shaped  cluster  with  a 
c(2X2)  ferrimagnetic  order  (AP  configuration). 

state,  the  energy  difference  per  adatom  with  P  being 
8Ep-ap  =22.4  meV.  The  Cr  magnetic  moments  are  equal  to 
-3.19  ixB  in  the  P  state  and  -2.81  fiB  and  2.72  fiB  in  the  AP 
state.  These  value  agree  with  ab  initio  calculations  of  Free¬ 
man  et  al ?  who  found  —3.1  jnB  (P  case). 

The  *  parameter  of  the  first  section  is  the  square  or  dia¬ 
mond  side  length.  For  both  cases,  we  compute  for  P  (Fig.  1) 
and  AP  (Fig.  2)  magnetic  configurations  with  x  ranging  from 
1  until  an  asymptotic  value  for  which  the  monolayer  proper¬ 
ties  are  recovered.  Figure  1  shows  the  Cr  adatoms  magnetic 
moments  for  x=7  (64  adatoms  square)  in  the  P  configura¬ 
tion.  The  adatoms  located  in  the  center  of  the  cluster  carry  a 
magnetic  moment  close  to  the  P  monolayer  values.  The  AP 
configuration  in  Fig.  2  also  shows  the  same  feature.  This 
shows  that  the  magnetic  interaction  is  short  ranged  and  this 
justifies  the  use  of  only  nearest-neighbor  interactions  in  the 
Ising  model.  The  empirical  rule  predicting  an  enhanced  mo¬ 
ment  for  less-coordinated  atoms  is  here  well  suited  for  the 
nonfrustrated  adatoms.  On  the  contrary,  in  the  wedges  for 
example,  the  frustrated  less-coordinated  adatoms  carry  a  re¬ 
duced  moment  (Fig.  2).  The  calculations  for  large  x  do  not 
lead  to  strong  modifications  of  these  conclusions.  We  only 
note  that  we  have  to  compute  clusters  with  very  large  x  in 
order  to  recover  the  exact  monolayer  magnetic  moment  in 
the  cluster  center.  For  the  diamond- shaped  configuration  the 
same  main  features  remain  valid. 

Figures  3  and  4  show  the  energy  difference  between  P 
and  AP  configurations  versus  the  size  parameter  x  for  both 
the  square  and  diamond  geometries.  A  quadratic  expression 
fits  our  calculated  data  with  an  excellent  agreement  in  both 
cases.  We  deduce  that  the  phenomenological  argument  ex¬ 
posed  in  the  second  section  and  the  Ising  expressions  derived 
are  well  suited  for  this  problem.  For  the  diamond  curve,  we 
found  that  the  transition  P—AP  (SE= 0)  does  not  happen  for 
x=0  as  expected  but  for  x—1.7.  In  fact,  for  small  clusters, 
there  are  large  variations  of  the  Cr  adatoms  magnetic  mo¬ 
ment  whereas  the  Ising  model  suppose  J  parameters  are  con¬ 
stant.  Large  clusters  are  more  suited  for  such  a  description. 
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Energy  difference  between  P  and  AP  configurations 


square-shaped  cluster 


FIG.  3.  Energy  difference  between  P  and  AP  configurations  (square- shaped 
cluster)  vs  the  length  of  one  edge  (size  parameter  x).  The  filled  circles  show 
the  results  of  the  tight-binding  calculations  and  the  curve  is  the  quadratic  fit. 
For  an  odd  number  of  adatoms,  there  are  two  possible  AP  configurations, 
one  with  one  more  spin  up  atom  (filled  triangle  up)  and  the  other  with  one 
more  spin  down  atom  (filled  triangle  down).  The  analytical  expressions  of 
the  first  section  being  derived  for  geometries  with  an  even  number  of  ada¬ 
toms,  we  use  the  arithmetical  mean  (crosses).  Note  that  the  transition  ( SE 
=0)  happens  for  a  large  size  (400  adatoms  cluster). 

Anyhow  it  does  not  matter  since  the  considered  energy  dif¬ 
ference  in  this  range  is  small.  For  the  other  case,  we  inves¬ 
tigated  a  400  adatoms  square  (x  =  19)  and  more  than  1100 
inequivalent  atoms  to  get  a  transition  for  x— 19.  The  curves 
associated  with  expressions  (2)  and  (3)  allow  us  to  determine 
the  Jx  and  J2  parameters.  We  found  that  Jx~- 105.7  meV 


Energy  difference  between  P  and  AP  configurations 


side  diamond  length  (V2  a0) 


FIG.  4.  Energy  difference  between  P  and  AP  configurations  (diamond¬ 
shaped  cluster)  vs  the  length  of  one  edge  (size  parameter  x).  The  filled 
circles  show  the  results  of  the  tight-binding  calculations  and  the  curve  is  the 
quadratic  fit. 


and  J2~  — 111.3  meV.  As  explained  in  Sec.  II,  both  are  nega¬ 
tive  to  favor  antiparallel  coupling  between  Cr  and  Fe  on  the 
one  hand,  and  between  Cr  and  Cr  on  the  other  hand.  More¬ 
over,  we  get  |/1|<|72|  meaning  that  the  Cr-Cr  interaction  is 
stronger  than  the  Cr-Fe  interaction  and  the  AP  configuration 
is  favored  for  the  monolayer  as  expected. 

IV.  CONCLUSION 

In  spite  of  the  lack  of  experimental  confirmations,  the 
most  stable  state  for  a  Cr  monolayer  adsorbed  on  Fe(001) 
was  expected  to  be  ferromagnetic.  But  recent  theoretical  in¬ 
vestigations  have  suggested  that  the  c(2X2)  ferrimagnetic 
configuration  may  be  the  most  stable  state.  In  this  frame¬ 
work,  we  have  investigated  the  onset  of  c(2X2)  magnetism 
in  small  clusters  as  a  function  of  their  sizes.  First  we  model 
the  magnetic  interactions  with  a  simple  two-parameters  Ising 
model,  for  two  geometries  (a  square  and  a  diamond).  Then 
self-consistent  tight-binding  calculations  have  been  done  for 
each  cluster  as  a  function  of  the  size  from  which  we  deduced 
the  magnetic  transition  for  a  400  adatoms  square-shaped 
cluster.  The  Ising  parameters,  i.e.,  the  pair  magnetic  energy, 
have  been  estimated  to  Jx  =  ~  105.7  meV  for  the  first  neigh¬ 
bor  Fe-Cr  interaction  and  to  J2=  —  1 1 1  -3  meV  for  the  second 
neighbor  Cr-Cr  interaction. 

New  magnetic  configurations  are  under  study  and  may 
give  us  more  insights  for  the  magnetism  of  Cr/Fe(001).  In 
spite  of  its  crudeness,  the  Ising  model  accurately  reproduces 
the  magnetic  properties.  However,  for  more  complex  struc¬ 
tures,  it  seems  necessary  to  take  into  account  more  param¬ 
eters  as  the  third-neighbor  Cr-Cr  interaction  for  example. 
Results  about  these  calculations  will  be  reported  soon. 
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On  the  ylike  surface  of  a-Ce:  Theory  (abstract) 
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We  have  shown  theoretically,  by  means  of  a  full-potential  LMTO  method  in  a  slab  geometry,  that 
the  topmost  surface  layer  of  a-Ce  is  y-like.  The  calculations  are  fully  relativistic  and  include  all 
electrons.  Also  an  orbital  correction  to  the /-electron  states  is  included  to  allow  for  /  localization. 
For  the  topmost  layer  the  spin  moment  is  found  to  be  0.70  pB  for  the/ electrons  and  0.08  pB  for  the 
d-electron  states  while  the  orbital  moment  from  the  /  electrons  is  found  to  be  —1.07  p,B.  These 
moments  correspond  well  to  the  moments  calculated  for  bulk  y-Ce  which  are  0.63,  0.07,  and  —0.87 
/jlb,  respectively.  The  subsurface  and  lower  lying  layers  are  calculated  to  have  spin  and  orbital 
moments  close  to  zero.  We  therefore  conclude  that  the  topmost  layer  on  the  a- Ce  surface  is  y-like 
while  the  subsurface  and  lower  lying  layers  are  similar  to  bulk  a-Cc.  Our  findings  explain  recent 
photoemission  experiments  on  this  material  and  provide  a  theoretical  foundation  for  the 
interpretation  of  these  experiments.  The  fact  that  our  theory  assumes  that  a- Ce  has  delocalized/ 
electrons,  and  the  agreement  with  the  interpretation  of  photoemission  experiments,  gives  support 
that  the  Mott  transition  model  for  the  a— *-y  phase  transition  is  correct.  ©  1996  American  Institute 
of  Physics.  [S002 1  -8979(96)43208-7] 
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Spin  polarization  of  the  conduction  bands  and  secondary  electrons 
of  Gd(0001) 
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Angle-  and  spin-resolved  photoemission  was  utilized  to  investigate  the  5 d  bulk  bands  and  the 
surface  state  of  Gd(0001)  in  the  temperature  range  of  130-350  K.  The  bulk  bands  at  1-2  eV  below 
the  Fermi  energy  EF  show  Stoner-like  behavior,  while  the  temperature  dependence  of  the  surface 
state  near  EF  indicates  spin-mixing  behavior  due  to  fluctuating  local  5  d  moments.  The  secondary 
electron  spectra  of  the  Gd  surfaces  both  before  and  after  initial  oxygen  adsorption  show  a 
polarization  dip  at  low  kinetic  energies  due  to  the  extra  scattering  channel  for  minority  electrons  via 
the  unoccupied  4/  level.  The  temperature  dependencies  of  the  surface  and  bulk  magnetization  are 
separated  using  the  spin  polarization  of  the  surface  state  and  the  bulk  exchange  splitting.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)21508-5] 


Surface  magnetism  of  the  heavy  rare  earth  metals  has 
been  the  subject  of  great  interest  because  of  the  unique  phe¬ 
nomena  exhibited.  The  Curie  temperature  Tc  of  the  Gd  and 
Tb  surfaces  are  reported  to  be  significantly  higher  than  that 
of  the  bulk.1"4  There  is  also  evidence  that  the  magnetic  mo¬ 
ments  at  the  surface  are  canted  out  of  the  surface  plane,3,5 
while  the  bulk  of  the  Gd(0001)  films,  <400  A  thick,  have 
in-plane  anisotropy.6  The  enhanced  surface  magnetic  order  is 
believed  to  originate  from  the  surface  electronic  structure, 
namely,  a  magnetic  surface  state  near  the  Fermi  energy  EF 
located  around  the  Brillouin  zone  center.7-9  The  5  d  bulk 
bands  appear  in  spin-integrated  photoemission  at  binding  en¬ 
ergies  of  1-2  eV  and  exhibit  a  temperature-dependent  ex¬ 
change  splitting  A*. 10,11 

The  study  of  surface  magnetic  order  depends  on  separat¬ 
ing  the  surface  signal  from  that  of  the  bulk.  This  has  been 
accomplished  previously  by  comparing  relatively  surface- 
sensitive  techniques,  like  spin-polarized  low  energy  electron 
diffraction,1  spin-polarized  secondary  electron  spectroscopy,3 
to  a  bulk  measurement,  or  taking  advantage  of  the  surface 
core  level  shift  of  the  Gd  4/  levels.3-5  Even  with  these  tech¬ 
niques,  it  is  still  difficult  to  unambiguously  distinguish  the 
surface  and  the  bulk.  In  the  present  work,  we  use  the  spin 
polarization  of  a  magnetic  surface  state  as  an  indicator  of  the 
surface  magnetic  order,  and  Ab  as  the  bulk  indicator  to  sepa¬ 
rate  the  two.  The  temperature  dependance  of  the  exchange 
splitting  itself  is  a  very  interesting  issue,  since  theories  for 
finite  temperature  magnetism  of  itinerant  electron  systems 
are  less  developed  than  ground  state  theories.  In  addition,  we 
examine  the  spin  polarization  of  the  secondary  electrons, 
both  as  an  additional  indicator  of  the  magnetization  and  to 
understand  the  anomalous  polarization  dip  at  low  energy.12 

Spin-polarized  photoemission  experiments  were  per¬ 
formed  on  the  U5  undulator  beamline  of  NSLS  at 
Brookhaven  National  Laboratory.  The  ultrahigh  vacuum 
chamber  is  equipped  with  low  energy  electron  diffraction 
and  a  hemispherical  electron  energy  analyzer  with  a  low- 
energy  spin  detector.  The  details  of  the  experimental  setup 
are  described  elsewhere.13  The  sample  preparation  followed 
previous  procedures.10,14  The  W(110)  single-crystal  substrate 


was  cleaned  by  flashing  and  annealing  in  oxygen.  The  nomi¬ 
nally  80- A- thick  epitaxial  Gd(0001)  films  were  deposited 
thermally  onto  the  room-temperature  substrate  and  subse¬ 
quently  annealed  to  780  K  to  improve  the  structural  ordering 
and  magnetic  properties.15  The  chamber  pressure  remained 
<5X10-11  Torr  during  the  process  to  ensure  cleanliness. 
Films  made  by  similar  procedures  are  known  to  have  single 
domains  with  in-plane  magnetization  and  low  coercivities. 
The  spin  polarization  was  measured  in  the  remanent  state 
after  the  sample  was  magnetized  in-plane  with  a  pulse  field. 
The  samples  show  no  sign  of  hydrogen  or  carbon  contami¬ 
nation,  although  the  annealed  films  have  a  trace  amount  of 
oxygen  that  is  equivalent  to  <0.05  L  (1  L=1X10-6  Torr  s) 
oxygen  exposure  at  room  temperature.  All  photoemission 
spectra  were  taken  at  normal  emission  with  the  light  incident 
at  an  angle  of  65°.  The  photoemission  spectra  of  the  conduc¬ 
tion  bands  were  taken  at  hv-32.1  eV  and  the  secondary 
electrons  at  69.5  eV.  The  sample  was  biased  to  —30  V  to 
minimize  the  stray  field  effects. 

Typical  spin-polarized  photoemission  spectra  at  different 
temperatures  are  shown  in  Fig.  1.  The  peak  near  EF  is  the 
surface  state  of  Gd(0001),  which  is  responsible  for  the  en¬ 
hanced  magnetic  ordering  of  the  Gd  surface.7-9  This  feature 
is  strongly  spin  polarized  at  low  temperature,  and  the  polar¬ 
ization  has  the  same  sign  as  that  of  the  occupied  4/  feature  at 
8.6  eV  binding  energy  (not  shown  in  the  figure).  With  in¬ 
creased  temperature,  the  spin  polarization  of  the  surface  state 
decreases  and  approaches  zero,  while  the  peak  position  and 
intensity  show  no  change.  The  minority-spin  counterpart  of 
this  state  has  been  observed  as  an  unoccupied  state  above  EF 
with  inverse  photoemission.16,17 

The  bulk  bands  at  1-2  eV  exhibit  a  different  temperature 
dependence.  At  low  temperature  there  are  two  well-defined 
peaks  with  opposite  spin  polarization.  They  are  the  majority 
and  minority  spin  branches  of  the  5  d  bulk  band  at  T,  sepa¬ 
rated  by  Ab  (with  the  former  at  higher  binding  energy).  Note 
that  the  sign  of  the  spin  polarization  of  the  surface  state  is  the 
same  as  that  of  the  majority-spin  bulk  band.  This  confirms 
that  the  surface  state  is  of  majority  spin  character  and  that  the 
surface  couples  to  the  bulk  ferromagnetically5,18  instead  of 
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Binding  Energy  (eV) 

FIG.  1.  Spin-polarized  photoemission  spectra  at  different  temperatures  at 
normal  emission.  The  majority-  and  minority-spin  components  are  shown 
with  solid  (up)  and  open  (down)  triangles,  respectively.  The  majority-  and 
minority-spin  bulk  bands  are  marked  with  up  and  down  arrows.  The  solid 
lines  are  to  guide  the  eye. 


antiferromagnetically.1  With  increased  temperature  the  two 
peaks  with  distinct  spin  character  shift  toward  each  other  and 
eventually  overlap  to  form  one  peak  with  no  spin  polariza¬ 
tion.  In  other  words,  A^  decreases  and  approaches  zero  upon 
warming  to  Tc. 

The  temperature  dependence  of  the  bulk  bands  is  char¬ 
acteristic  of  Stoner-like19  behavior,  where  the  exchange  split¬ 
ting  A  of  the  itinerant  electrons  directly  correlates  with  the 
macroscopic  magnetization  and  approaches  zero  as  T~^TC. 
The  surface  state,  however,  does  not  show  an  energy  shift  or 
intensity  change  near  Tc,  while  the  spin  polarization  varies 
significantly.  This  suggests  that,  instead  of  Stoner-like  behav¬ 
ior,  the  local  A  of  the  surface  state  (A^)  does  not  go  to  zero  at 
the  surface  Curie  temperature  Tc,-  Such  non-Stoner-like  be¬ 
havior  is  common  among  transition  metals,  although  they 
were  the  original  subject  of  the  Stoner  model.19  This  is  usu¬ 
ally  attributed  to  the  existence  of  local  moments  or  short 
range  order  above  tc.20~22  We  believe  that  the  difference 
originates  from  the  different  degree  of  itinerancy  of  the  elec¬ 
trons,  as  discussed  elsewhere.14 

The  secondary  electrons  are  also  spin  polarized,  as 
shown  in  Fig.  2.  The  intensity  of  the  secondary  electron 
emission  increases  with  oxygen  exposure  as  oxygen  atoms 
enhance  the  inelastic  scattering  in  Gd.  For  the  clean 
Gd(0001)  surface,  the  spin  polarization  shows  a  dip  when  the 
kinetic  energy  of  the  electrons  £*<1.5  eV.  This  polarization 
anomaly,  first  observed  by  Tang  et  at. ,12  is  in  contrast  to  the 
polarization  increase  at  low  Ek  for  transition  metal  surfaces. 


FIG.  2.  Intensity  and  spin  polarization  of  the  secondary  electron  emission  vs 
electron  kinetic  energy  Ek  .  The  measurements  were  taken  at  130  K  on  clean 
Gd(0001)  and  after  0.2  and  3.2  L  of  oxygen  exposure.  The  lines  are  to  guide 
the  eye. 


Tang  et  al.  suggested  that  an  additional  channel  for  the  emis¬ 
sion  of  minority  spin  electrons  exists.  The  ordinary  inelastic 
scattering  of  the  hot  electrons  is  determined  by  the  unoccu¬ 
pied  conduction  bands,  which  provides  the  available  states  to 
scatter  into.  The  unoccupied  4/  state  above  the  vacuum 
level,  i.e.,  4/, 8  could  behave  as  an  additional  intermediate, 
where  the  minority  hot  electrons  experience  quasielastic 
scattering  and  emit  to  vacuum.  This  channel  should  selec¬ 
tively  enhance  the  emission  of  minority  spin  electrons  with 
Ek~E4f-Ev ,  where  E4f  is  the  energy  of  the  empty  4/  level 
above  EF  and  Ev  is  the  vacuum  level.  For  the  clean  Gd 
surface,  the  unoccupied  4/  level  is  at  4.1  eV  above  EF  and 
~0.8-0.9  eV  above  Ev ,  Taking  the  width  of  the  empty  4/ 
levels  (—1.5  eV)23  into  consideration,  this  possible  mecha¬ 
nism  explains  the  drop  of  spin  polarization  for  £*<1.5  eV. 
Our  data  from  the  samples  with  initial  oxygen  adsorption 
supports  such  a  hypothesis.  Figure  2  shows  that  0.2  L  of 
oxygen  exposure  causes  the  onset  of  the  spin-polarization 
dip  to  shift  to  higher  energy  by  —0.6  eV.  This  is  consistent 
with  the  shift  of  the  empty  4/  level  away  from  the  EF  with 
oxygen  adsorption  due  to  reduced  screening.23  With  0.2  L  of 
oxygen,  the  empty  4/  levels  shift  away  from  EF  by  0.2-0.3 
eV  (Ref.  23)  while  the  work  function  drops  by  0.2-0.3  eV.24 
This  results  in  the  empty  4/  levels  shifting  up  ~0.5  eV  with 
respect  to  Ev ,  consistent  within  experimental  error  with  the 
0.6  eV  shift  of  the  onset  of  the  polarization  dip.  Other  pos- 
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FIG.  3.  Temperature  dependence  of  the  bulk  band  exchange  splitting 
(squares),  and  the  spin  polarization  of  the  surface  state  (circles)  and  second¬ 
ary  electrons  (diamonds).  The  lines  are  to  guide  the  eye. 


sible  scattering  channels  fail  to  provide  the  correct  energy  or 
the  oxygen-induced  shift  of  the  dip.  With  additional  oxygen 
dosing,  the  overall  spin  polarization  drops  further  as  the  oxy¬ 
gen  destroys  the  surface  magnetic  order  of  Gd,  and  the  dip 
disappears  as  both  the  4/  and  the  valence  band  lose  the  net 
spin  polarization.  The  effect  of  oxygen  adsorption  on  the 
surface  magnetization  of  Gd(0001)  will  be  discussed  further 
elsewhere.25 

The  spin  polarization  of  the  surface  state  and  the  second¬ 
ary  electrons  and  are  all  correlated  to  the  magnetization 
of  the  Gd(0001),  though  in  somewhat  different  ways.  The 
surface-state  polarization  reflects  the  purely  magnetic  order 
of  the  surface,  and  reflects  that  of  the  bulk.  The  polariza¬ 
tion  of  the  secondary  electrons  should  provide  the  mixed 
information  from  both  the  surface  and  the  bulk.  Figure  3 
shows  the  temperature  dependence  of  all  three  quantities. 
The  spin  polarization  of  the  secondary  electrons  was  mea¬ 
sured  at  £^=3-4  eV  to  avoid  the  anomaly  at  low  energy,  as 
discussed  above.  All  quantities  decrease  with  increasing  tem¬ 
perature.  The  spin  polarization  of  the  secondary  electrons 
and  A^  approach  zero  before  the  surface-state  polarization,  as 
is  consistent  with  TCs>TCb.  This  enhanced  magnetic  order 
can  also  be  seen  from  Fig.  1,  where  Ab=0  within  experimen¬ 
tal  error,  while  the  surface  state  and  the  background  remain 
spin  polarized.  From  Fig.  3,  we  find  TCh= 283 ±10  K  and 
^Cs  =297  ±10  K,  with  the  accuracy  limited  by  the  signal-to- 
noise  ratio. 

In  conclusion,  we  have  studied  the  spin  polarization  of 
the  conduction  bands  and  secondary  electrons  of  Gd(0001)  at 
different  temperatures.  The  5d  bulk  band  shows  Stoner-like 
behavior  at  the  Brillouin  zone  center,  while  the  surface  state 


has  a  nonzero  exchange  splitting  even  above  Tc.  The 
anomaly  in  secondary  electron  polarization  for  both  the  clean 
and  oxygen-adsorbed  surfaces  is  discussed  in  terms  of  an 
extra  scattering  channel  via  the  empty  4/  levels.  The  shift  in 
the  polarization  dip  to  higher  kinetic  energy  with  initial  oxy¬ 
gen  adsorption  is  consistent  with  the  chemical  shift  of  the 
empty  4/  levels.  In  addition,  our  results  are  consistent  with 
the  enhanced  magnetic  order  of  the  Gd(0001)  surface. 
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Spin-resolved  electron  spectroscopies  of  epitaxial  magnetite  (001) 
(abstract) 

Kimberly  A.  Shaw,  Eric  Lochner,  David  M.  Lind,  Rebecca  C.  DiBari,  Plamen  Stoyanov, 
and  Brian  Singer 

Florida  State  University,  Department  of  Physics,  MARTECH,  and  the  National  High  Magnetic  Field 
Laboratory,  Tallahassee,  Florida  32306-3016 

We  will  present  the  first  spin-resolving  electron  spectroscopic  studies  of  a  magnetite  (Fe304)(001) 
surface.  Magnetite  is  a  semimetal  with  a  high  density  of  states  in  the  minority  band,  but  a  large  band 
gap  in  the  majority  states  at  the  Fermi  energy.  The  polarization  of  the  secondary  emission  cascade 
is  measured  using  spin-resolved  secondary  electron  emission  spectroscopy  (SRSEES),  and  reflects 
the  semimetallic  spin  structure  of  Fe304.  The  polarization  plateau  of  spin-resolved  secondary 
emission  (29.8%)  matches  the  average  3D  band  polarization  of  stoichiometric  Fe304  as  determined 
from  spin-resolved  band  structure  calculations  (34.2%).  An  enhancement  of  the  polarization  of  the 
secondary  electrons  at  lowest  energies  will  also  be  discussed.  Spin-resolved  Auger  emission 
spectroscopy  (SRAES)  of  the  Fe304  films  have  been  measured  and  show  correlation  effects  in  the 
valence-valence  Auger  transitions.  Suppressed  intensity  and  polarization  of  M23M45M45  Auger 
emission  relative  to  M{M45M45  Auger  emission  is  observed,  as  well  as  strong  resonant  emission  with 
shake-up.  Conversely,  no  spin  polarization  is  detected  in  the  spin-resolved  oxygen  LMM  Auger 
features,  although  oxygen  Auger  emission  (in  which  we  can  distinguish  between  adsorbed  and 
bonded  oxygen)  is  used  to  verify  surface  cleanliness  of  the  samples.  The  synthesis  of  Fe304  films 
grown  on  magnesium  oxide  (001)  substrates  using  oxygen  plasma-assisted  molecular  beam  epitaxy 
will  be  discussed,  as  will  thin-film  characterization  using  SQUID  magnetometry  and  x-ray  and 
electron  diffraction.  A  unique  angle-,  energy-,  and  spin-resolved  electron  spectrometer  has  been 
designed  and  built  for  the  study  of  magnetic  surfaces,  and  these  studies  represent  its’  first  use.  That 
spectrometer  is  based  on  a  tandem  configuration  of  an  energy-dispersive  energy  analyzer  and  Mott 
spin  polarimeter.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)82608-0] 
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Origins  of  giant  biquadratic  coupling  in  CoFe/Mn/CoFe  sandwich 
structures  (abstract) 
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Recently  Filipkowski  et  al.1  reported  extremely  strong,  near  90  degree  coupling  of  2.5  erg/cm2  for 
epitaxial  sandwiches  of  CoFe/Mn/CoFe,  where  the  CoFe  composition  was  chosen  to  be  a  good 
lattice  match  to  Mn.  Both  CoFe  and  Mn  have  the  bcc  structure,  but  Mn  is  antiferromagnetic  while 
CoFe  is  ferromagnetic.  It  was  found  that  the  data  were  very  well  described  by  a  simple  model 
due  to  Slonczewski,2  in  which  the  interlayer  coupling  is  given  by  F c=  C +((pl  -  cp2)2 
+  C_(<pl  -  (pl-Tt)2.  While  this  model  describes  the  data  much  better  than  the  usual  biquadratic 
form,  it  still  does  not  connect  directly  to  the  microscopic  origins  of  the  effect.  In  the  present  work 
we  seek  to  explain  the  results1  in  terms  of  normal  bilinear  exchange  and  magnetocrystalline 
anisotropy,  together  with  reasonable  assumptions  about  the  structure  of  the  interfaces.  We  obtain 
excellent  agreement  with  both  the  experimental  results  and  the  Slonczewski  model  under  the 
assumptions  that  at  least  one  of  the  two  CoFe/Mn  interfaces  is  smooth  (i.e.,  atomically  flat)  on  a 
length  scale  comparable  to  or  greater  than  the  thickness  of  the  Mn  layer  and  at  least  one  interface 
is  rough  on  a  scale  less  than  approximately  a  domain  wall  thickness.  ©  1996  American  Institute 
of  Physics.  [S0021-8979(96)43308-3] 
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New  estimation  of  surface  anisotropy 
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A  micromagnetic  study  for  the  spin -reorientation  transition  in  ultrathin  magnetic  films  is  reported. 
Phase  diagrams  of  the  magnetization  configuration  are  presented.  Scaling  relations  among  the  film 
thickness,  exchange  coupling,  and  magnetic  anisotropies  are  revealed.  Formulas  are  given  for  the 
energy  stored  in  the  film  per  unit  area,  which  enable  one  to  evaluate  the  surface  anisotropy  by 
ferromagnetic  resonance  techniques.  ©  1996  American  Institute  of  Physics. 
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I.  INTRODUCTION 

Much  attention  has  been  paid  to  metallic  thin  films  in 
recent  years,  since  sophisticated  epitaxial  techniques  enable 
one  to  control  the  film  thickness,  surface  condition,  and  in¬ 
terface  smoothness  between  films,  and  many  new  phenom¬ 
ena  such  as  giant  magnetoresistance1  and  square  hysteresis 
loops  and  giant  magneto-optical  effects2  have  been  observed. 
It  is  found  experimentally  in  ultrathin  transition  metals  sand¬ 
wiched  by  noble  metals  that  the  easy-axis  direction  of  mag¬ 
netization  changes  as  a  function  of  thickness  of  the  magnetic 
films:3  At  lower  thickness  it  is  normal  to  the  film  plane, 
while  at  higher  thickness  it  lies  in  the  film  plane.  This  spin- 
reorientation  transition  is  the  result  of  competition  between 
two  different  magnetic  anisotropies:  a  surface  anisotropy 
normal  to  the  film  exists  because  of  the  breaking  of  transla¬ 
tional  symmetry  in  the  electronic  structure  at  the  interface,4 
and  it  has  been  measured  by  ferromagnetic  resonance 
techniques.5  On  the  other  hand,  the  dipole-dipole  interaction 
in  thin  films  produces  a  strong  in-plane  shape  anisotropy. 
The  understanding  of  the  stable  magnetization  state  and 
magnetization  reversal  by  external  field  is  the  most  important 
issue  of  magnetism  of  ultrathin  film.  In  this  paper  we  con¬ 
centrate  on  the  zero-field  case. 

II.  DISCRETE  MODEL 

The  energy  per  unit  area  of  a  thin  magnetic  film  with 
normal  surface  anisotropy  can  be  described  by  the  following 
discrete  model:6 

N-l  N- 1 

y=-/M22  cos(<Pi-<pi+i)-K'v  2  sin2  9,- 
i«l  i= 2 

+  ^(sin2  ^>i  +  sin2  <pN),  (1) 

where  the  direction  of  magnetization  is  measured  from  the 
normal  of  film  plane.  The  first  term  covers  the  exchange 
coupling  between  magnetizations  on  adjacent  atomic  layers. 
The  second  and  third  terms  are  for  the  in-plane  shape  anisot¬ 
ropy  and  the  normal  surface  anisotropy,  respectively.  The 
stable  magnetization  configuration  is  determined  by  mini¬ 
mizing  the  energy  functional  (1).  For  numerical  calculation 
in  this  section,  we  take  \JM2~  1  and  a  —  1  (lattice  constant). 

Fixing  the  magnetic  constants,  we  have  found  a  spin- 
reorientation  transition  from  the  perpendicular  uniform  con¬ 


figuration  to  a  canting  one  as  the  number  of  layers  increases 
from  N— 2.  A  further  transition  has  also  been  observed, 
where  the  canting  configuration  is  switched  into  the  uniform 
in-plane  one.  The  phase  diagram  with  the  number  of  atomic 
layers  and  the  surface  anisotropy  as  variables  is  depicted  in 
Fig.  1  for  two  different  values  of  volume  anisotropy.  The 
region  below/above  and  to  the  right/left  of  the  right/left 
phase  boundary  is  one  of  perpendicular/in-plane  magnetiza¬ 
tion,  the  region  in  between  is  one  of  canting  magnetic  struc¬ 
ture.  The  phase  boundaries  consist  of  steps,  as  a  result  of  the 
discrete  variation  of  the  number  of  atomic  layers.  The  loca¬ 
tions  of  the  phase  boundaries  depend  sensitively  on  the  value 
of  volume  anisotropy.  We  have  calculated  magnetic  configu¬ 
rations  in  films  of  N =2-20  and  various  values  of  K's  and 
K(v  .  We  then  find  that  scaling  into  variables  ( N  —  A N) 
and  *;/VC  where  A N  is  a  fitting  parameter,  all  the  phase 
boundaries  for  Kfv  0. 1  in  units  of  JM 2  such  as  those  shown 
in  Fig.  1  fall  into  two  smooth  curves  as  in  Fig.  2.  Here 
A N =2.2  is  selected  in  order  to  obtain  the  best  fitting.6  For 
realistic  materials  like  Fe,  one  has  K’v  ~  0.003  in  unit  of  JM 2 
and  thus  the  criterion  on  the  volume  anisotropy  for  scaling  is 
satisfied  well.  This  fact  implies  the  presence  of  the  following 
two  scaling  relations  in  spin-reorientation  transitions,  one 
among  the  film  thickness,  volume  anisotropy,  and  exchange 
stiffness:  (. N -  A N)  ^K'V/(JM2) ,  the  other  among  the  surface 
anisotropy,  volume  anisotropy,  and  exchange  stiffness: 


N 


FIG.  1.  Phase  diagram  with  the  volume  anisotropy  as  a  parameter.  The 
dashed  arrows  denote  the  magnetization  configuration  in  each  phase  (Ref. 
6). 
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FIG.  2.  Scaled  phase  diagram  (Ref.  6). 


III.  CONTINUUM  MODEL 

In  order  to  understand  the  above  numerical  results,  we 
introduce  the  continuum  model.  Consider  a  thin  magnetic 
film  of  thickness  2a:  On  the  surfaces  there  exist  perpendicu¬ 
lar  anisotropies  Ks .  Within  the  film  the  volume  anisotropy 
Kv  is  in  the  film  plane.  The  exchange  stiffness  A  is  ferro¬ 
magnetic  and  finite.  We  assume  that  the  magnetization  is 
uniform  in  the  in-plane  directions.  Then,  half  of  the  total 
magnetic  energy  per  unit  area  is  expressed  by7-9 


T= 


dz  +  Ks  sin2  <p{ 0), 


(2) 


where  the  z  axis  is  taken  to  be  normal  to  the  film  plane  and 
the  origin  at  the  bottom  surface.  The  relations  among  the 
magnetic  quantities  in  functionals  (1)  and  (2)  are  given  as 


\JM]d=A ,  K,vfa~Kv  ,  and  K'=KS. 

The  stable  magnetization  configuration  is  determined  by 
solving  the  variational  problem  for  energy  functional  (2).  It 
is  then  revealed  that  there  exists  the  first  critical  thickness9,8 
acl  =  yjA!Kv  tan ~x{Kj4AK~v),  so  that  for  a^acl  the  stable 
configuration  is  uniform  and  magnetization  stands  normally 
to  the  film  plane.  For  materials  with  surface  anisotropy  sat¬ 
isfying  Ks<\iAKv,  there  exists  the  second  critical 
thickness9,8  ac2=yjA/Kv  tznh~\Ks/^AKv),  so  that  for 


FIG.  4.  Thickness  dependence  of  the  effective  anisotropy  (Ref.  9). 


a^ac2,  the  magnetization  is  aligned  uniformly  within  the 
film  plane.  For  acl<a<ac2,  the  spin  configuration  is  not 
uniform  in  the  vertical  direction:  The  spin  direction  at  z-a 
is  determined  by9 

,  Ks  _  sn [qyjKJA, sin  (Pg}dn[a ^Kv  /A, sin  <pa ] 
y}AKv  cn[a^Kv  /A, sin  <pa] 

with  <pa^(p(a),  and  the  magnetization  configuration  is  ex¬ 
pressed  by  <pa  as9 

cn [(a-z)yjKv  /A, sin  <pa]  j 
dn [(a-z)ylKv M, sin  <pa]  J 
for  (4) 

where  sn[x,/:],  cn[x,k ],  and  dn[x,k]  are  Jacobi  elliptic  func¬ 
tions.  The  phase  diagram  of  magnetization  configuration  ob¬ 
tained  from  the  above  formalism  is  given  in  Fig.  3.  The 
dashed  arrow  in  Fig.  3  denotes  a  \jKv  /A  =  7r/2,  where  the 
phase  boundary  acl  saturates.  Good  coincidence  is  found 
between  the  phase  diagrams  in  Figs.  2  and  3.  Thus,  the  re¬ 
sults  derived  by  the  discrete  model  have  been  explained  ana¬ 
lytically.  On  the  other  hand,  this  coincidence  implies  the 
sufficiency  of  the  continuum  approach  in  study  of  magnetic 
properties  of  ultrathin  magnetic  films  of  several  atomic 
layers. 


<p(z)  =  sin  1  sin 


FIG.  3.  Phase  diagram  derived  by  the  continuum  model  (Ref.  6).  FIG.  5.  Relation  between  the  surface  anisotropy  and  surface  energy. 
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IV.  ESTIMATION  OF  SURFACE  ANISOTROPY 

Let  us  investigate  the  energy  stored  in  the  film  per  unit 
area  at  large  thicknesses.  For  this  purpose,  we  only  have  to 
study  the  continuum  model,  since  for  film  thicknesses  much 


larger  than  the  lattice  spacing  the  continuum  approximation 
is  sufficient.  Integrating  Eq.  (2)  one  obtains  the  following 
expression  for  magnetic  energy  as  a  function  of  <pa  for 
a>acl:9 


y-~aKv  sin2  <pa  +  K, 

2  If77 

—  2  cos  <pa\  F  — ,sm  <pa 


cn[a^Kv/A,sm  (pa]\  ( 

77 

[  cn[a y/Kv/A,sm  <pa]\ 

.  - f^= -  sin2  (pa  +  2\  E 

\dn[ayJKv/A, sm  (pa]/  { 

y,sin  cpa 

-E 

sin  1 

f -  _  ,sin  cpa 

\dn[ayjKv/A,sin  cpa]j  JJ 

sin 


-l 


cn[a v^yM,sin  <pa ] 


dn  [a^KJA  ,sin  <PaV 


.sm  <Pa 


(5) 


where  F[x,k]  and  E[x,k]  are  elliptic  integrals  of  the  first 
and  second  kind,  respectively.  As  <pa  can  be  determined  by 
Eq.  (3)  as  a  function  of  film  thickness,  we  can  evaluate  the 
thickness  dependence  of  the  effective  anisotropy  defined 
by  =  -  y/a  using  the  above  relation.  The  result  is  de¬ 
picted  in  Fig.  4.  It  is  found  that  the  asymptote  of  the  effective 
anisotropy  for  large  thickness  is  given  as 


K\ 


eff. 


Es 


(6) 


where  <pa  =  7r/2  for  large  thicknesses  has  been  used.9 

The  coefficient  Es  in  Eq.  (6)  is  the  physical  quantity 
observed  in  ferromagnetic  resonance  experiments,5  which 
should  be  considered  as  a  surface  energy.  In  the  case  of 
Ks  >  y]AKv,  where  the  canting  configuration  remains  stable 
even  at  large  thicknesses,  we  obtain9 


Es=2jkKv- 


AKV 

Ks  ' 


(7) 


Since  the  large  surface  anisotropy  is  relaxed  into  the  canting 
structure,  the  surface  energy  has  two  contributions,  one  from 
the  surface  anisotropy  and  the  other  from  wall  energy  of  the 
canting  structure.  The  surface  anisotropy,  usually  defined  in 
the  same  way  as  in  energy  functionals  (1)  and  (2),  is  not 
equal  to  the  slope  Es  of  extrapolation  formula  (6)  in  the  case 
of  Ks>  \JAKV.  Instead  it  should  be  estimated  from  Es  as 


K=^= - ■  (8) 

2  4akv-es 

In  the  case  of  Ks  <  \AKV,  uniform  in-plane  magnetic 
configuration  is  stable  for  a>ac2  and  Eq.  (6)  is  established 
exactly  in  this  region  of  thickness.  Since  no  wall  energy  is 
involved  in  this  case,  one  has  simply 


KS  =  ES.  (9) 

For  iron  in  Fe(100)/Ag(100)  superlattice,  one  has 
KS/^AKV  —  0.14.  Therefore,  relation  (9)  is  applicable  for 
samples  of  transition  metals.  Relation  (8)  should  be  used 
where  the  wall  energy  \]AKV  is  small,  the  case  possibly  re¬ 
alized  in  samples  of  rare  earth  metals.  The  relation  between 
the  surface  energy  and  the  surface  anisotropy  is  summarized 
in  Fig.  5. 


V.  SUMMARY 

Spin-reorientation  transitions  with  the  variation  the  film 
thickness  and  the  magnetic  constants  are  clarified.  Scaling 
relations  among  the  relevant  quantities  in  these  transitions 
are  derived.  It  is  shown  that  the  continuum  approximation  is 
sufficient  in  the  study  of  the  spin-reorientation  transitions  in 
magnetic  ultrathin  films  of  several  atomic  layers.  A  complete 
formula  is  presented  for  the  evaluation  of  surface  anisotropy 
via  ferromagnetic  resonance  techniques. 
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Perpendicular  magnetization  and  surface  magnetoelastic  anisotropy 
in  epitaxial  Cu/Ni/Cu  (001) 

Gabriel  Bochi,  C.  A.  Ballentine,  H.  E.  Inglefield,  C.  V.  Thompson,  and  R.  C.  O’Handley 

Massachusetts  Institute  of  Technology ;  Cambridge ,  Massachusetts  02139 

Epitaxial  Ni  films  (2.0  nm<K  14  nm)  have  been  grown  on  Cu/Si  (001)  and  capped  with  2.0  nm 
of  Cu  in  a  molecular  beam  epitaxy  chamber.  Their  magnetic  anisotropy  has  been  measured  ex  situ 
in  a  vibrating  sample  magnetometer.  Perpendicular  magnetization  is  preferred  over  a  broad 
Ni-thickness  range:  25^/^140  A.  The  quantitative  anisotropy  data  are  not  well  described  by  a 
model  including  bulk  and  surface  magnetocrystalline  anisotropy,  Kb  +  Ksh,  magnetostatic  energy, 
and  bulk  magnetoelastic  energy,  Bbe(h).  If  surface  magnetoelasticity  Bseih  is  considered,  the  data 
are  well  described  and  values  for  Ks  and  Bs  consistent  with  Neel’s  model  are  determined.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)21708-8] 


The  effective  magnetic  anisotropy  in  thin  films  is  altered 
due  to  reduced  atomic  coordination  symmetry  at  the  surface, 

^surface 

KeS=Kbulk+  -  (1) 

n 

Magnetic  surface  anisotropy  is  often  justified  in  terms  of 
Neel’s  phenomenological  model.1  It  is  not  widely  recognized 
that  strain-dependent  magnetic  surface  anisotropy  comes  as 
naturally  from  Neel’s  pair-interaction  model  as  does  the 
strain-dependent  surface  magnetocrystalline  anisotropy  of 
Eq.  (I),2 

^ surface 

BeS=Bbulk+— - .  (2) 

h 

Here,  B  is  the  magnetoelastic  (ME)  coupling  coefficient  re¬ 
lated  to  the  negative  of  the  magnetostriction  constant  by  elas¬ 
tic  moduli.  The  total  magnetic  surface  anisotropy  energy  is 
then  given  by  a  relation  of  the  form  Esurf*ce=Ks  +  Bse,  where 
e  represents  the  appropriate  components  of  the  strain  tensor 
in  the  magnetic  thin  film.3 

Several  experimental  results  have  unambiguously  dem¬ 
onstrated  that  ME  interactions  at  surfaces  and  in  thin  films 
can  be  significantly  different  than  in  the  bulk.  Zuberek  et  al.4 
found  that  the  effective  magnetostriction  constant  of  Ni/Ag 
multilayers  goes  from  negative  to  positive  values  as  the  Ni 
film  thickness  approaches  zero.  Sun  and  O’Handley5  found 
that  the  surface  ME  coupling  coefficient  can  differ  sharply 
from  the  bulk  value  in  Co-rich  and  Fe-rich  amorphous  al¬ 
loys.  More  recently,  Song  et  al6  measured  the  effective  ME 
coupling  coefficient  in  poly  crystalline  NiFe/Ag/Si,  NiFe/Cu/ 
Si,  and  Ni/Si02/Si  thin  films  by  a  direct  in  situ  method.  Z?eff 
was  shown  to  diverge  from  the  bulk  value  to  more  positive 
values  for  film  thicknesses  below  150  A  and  to  take  giant 
positive  values  in  films  thinner  than  40-60  A  due  to  a  sig¬ 
nificant  surface  contribution.  The  magnetostriction  of  ultra- 
thin  polycrystalline  Fe  films  has  also  been  measured  directly 
in  situ.1  Significant  deviations  from  the  bulk  value  were  ob¬ 
served  for  Fe  film  thicknesses  below  100  A.  The  effective 
magnetostriction  constant  was  shown  to  change  sign  when 
the  Fe  film  thickness  was  between  80  and  30  A.  Bochi  et  als 
showed  that  published  data  on  the  magnetic  anisotropy  in 
epitaxial  fee  (111)  Co/Cu  superlattices  can  be 


more  effectively  interpreted  by  inclusion  of  a  surface  ME 
term.  Their  analysis  implied  that  the  effective  ME  coupling 
coefficient  of  fee  Co/Cu  (111)  multilayers  changes  sign 
around  a  Co  thickness  of  9  A. 

In  the  present  work,  we  report  the  behavior  of  both  the 
magnetic  anisotropy  and  the  ME  coupling  in  epitaxial  Cu/Ni/ 
Cu/Si(001)  sandwiches.  We  show  that  the  interpretation  of 
the  dependence  of  the  magnetic  anisotropy  energy  on  Ni  film 
thickness  is  severely  wanting  without  the  inclusion  of  a 
strain-dependent  magnetic  surface  anisotropy  term  (the  sur¬ 
face  ME  anisotropy  energy).  Using  a  phenomenological 
model  developed  recently,8  we  are  able  to  determine  the  sur¬ 
face  magnetocrystalline  ( Ks )  and  surface  ME  ( Bse0 )  anisot¬ 
ropy  energies  corresponding  to  the  Ni/Cu  (001)  interface. 
The  variation  of  the  effective  ME  coupling  coefficient,  £eff, 
with  Ni  film  thickness  is  also  determined. 

Our  (20  A  Cu)/Ni/(2000  A  Cu)  sandwiches  were  depos¬ 
ited  at  room  temperature  on  Si  (001)  substrates  by  molecular 
beam  epitaxy.  The  details  of  the  experimental  procedures  are 
given  elsewhere.9-11  The  crystallographic  quality  of  the 
sandwiches  was  studied  in  situ  by  reflection  high-energy 
electron  diffraction  and  ex  situ  by  x-ray  diffraction  and  trans¬ 
mission  electron  microscopy  (TEM).  Using  plan-view  TEM, 
we  observed  both  60°  and  90°  misfit  dislocations  (MDs)  at 
the  Ni/Cu  (001)  interface  and  we  measured  their  densities  as 
a  function  of  Ni  film  thickness.10,11  MDs  were  present  in 
Ni/Cu  (001)  thin  films  with  Ni  thicknesses  of  25  A  and 
greater  but  not  in  the  15-A-thick  films.  This  indicates  that  the 
critical  thickness  hc  for  the  onset  of  MDs  is  between  15  and 
25  A.  For  Cu/Ni/Cu  (001)  sandwiches,  we  observed  disloca¬ 
tions  in  Ni  films  as  thin  as  30  A,  indicating  that  hc< 30  A.12 
We  also  measured  the  average  in-plane  biaxial  tensile  misfit 
strain  in  the  Ni  films  as  a  function  of  film  thickness  in  Ni/ 
Cu/Si  (001)  epitaxial  thin  films  by  measuring  the  substrate 
curvature  using  an  optical  interferometry  technique.9,11  The 
effective  magnetic  anisotropy,  £eff,  of  Cu/Ni/Cu  (001)  was 
measured  ex  situ  as  a  function  of  Ni  film  thickness,  h,  using 
a  vibrating  sample  magnetometer  where  10  kOe  fields  were 
available  to  saturate  the  sandwiches  both  in-plane  and  per¬ 
pendicular  to  the  plane.  In  situ  magneto-optic  Kerr  effect 
measurements  on  Ni/Cu/Si  (001)  were  reported  earlier.9 

Our  measurements  of  Keffh  vs  h  are  shown  in  Fig.  1.  The 
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FIG.  1.  Keffh  vs  Ni  film  thickness  for  our  Cu/Ni/Cu  (001)  sandwiches.  The 
solid  curve  is  a  plot  of  Keff(h )  vs  h  using  Eq.  (6)  and  the  magnetic  surface 
energies  in  the  first  row  of  Table  I.  The  dashed  straight  line  is  the  best  fit  to 
the  data  using  Eq.  (3). 


first  important  result  is  that  perpendicular  magnetic  anisot¬ 
ropy  dominates  up  to  Ni  thicknesses  of  approximately  135  A 
in  Cu/Ni/Cu  (001)  sandwiches.  This  is  in  agreement  with  the 
results  of  Naik  et  alP  and  the  ones  of  Jungblut  et  alu  The 
region  of  perpendicular  magnetization  is  exceptionally  broad 
in  Cu/Ni/Cu  (001)  and  is  twice  as  large  as  the  one  of  Ni/Cu 
(001)  thin  films.9  The  second  important  result  of  Fig.  1  is  that 
the  magnetization  easy  axis  exhibits  two  switching  thick¬ 
nesses:  one  near  135  A,  which  our  measurements  confirm, 
and  another  one  near  20  A.14  Two  switching  thicknesses  for 
the  magnetization  easy  axis  have  also  been  reported  for  Ni/ 
Cu(001)  thin  films.9 

It  is  common  practice  to  explain  the  behavior  of  the 
magnetic  anisotropy  of  epitaxial  (001)  thin  films  sandwiched 
between  two  identical  nonmagnetic  layers  in  terms  of  a  phe¬ 
nomenological  model,  where  Kcff  is  the  sum  of  the  bulk  mag¬ 
netostatic  (MS)  energy,  2ttM2,  the  bulk  ME  anisotropy  en¬ 
ergy,  and  a  magnetic  surface  anisotropy  energy  Kp 

Kef£h  =  [2Ble0(h)-2'irM2s]h  +  2Ks .  (3) 

In  Eq.  (3),  we  omitted  the  bulk  magnetocrystalline  anisot¬ 
ropy  because  it  is  negligible  for  Ni/Cu  (001)  thin  films.  is 
the  Ni  bulk  ME  coupling  coefficient  and  e0(h)  is  the  average 
biaxial  in-plane  misfit  strain  in  the  magnetic  film.  For  h<hci 
e0(h)=r} ,  the  film- substrate  lattice  mismatch  [77=2.6%  in 
Ni/Cu  (001)].  Equation  (3)  then  predicts  K&nh  to  be  a  linear 
function  of  h  with  a  slope  given  by  2Blrj—  2ttM2  and  in¬ 
tercept  equal  to  2 Ks.  For  h>hc ,  e0(h)  decreases  with  film 
thickness  as  the  misfit  strain  is  accommodated  by  MDs.  Us¬ 
ing  the  form  of  strain  suggested  by  Chappert  and  Bruno,15 
e0(h)~  rjhc/h,  Eq.  (3)  predicts  that,  for  h>hc,  a  plot  of 
K&f[h  vs  h  is  a  straight  line  with  a  slope  of  —  2  itM2  and 
intercept  2  [Bx  r]hc+Ks].  The  above  two  straight  lines  would 
intersect  exactly  at  hc ,  thus  forming  a  kink  in  the  Keffh  vs  h 
data.  Although  the  model  of  Eq.  (3)  could  fit  to  our  data 
reasonably  well,  a  major  problem  exists.  The  change  in  slope 
in  our  data  is  centered  at  /z— 75  A  but  the  critical  thickness 
was  observed  to  be  below  30  A.12  Since  our  data  points  are 
all  above  35  A,  they  should  fall  along  a  straight  line  of  slope 
—  27 tM2  according  to  Eq.  (3).  The  best  fit  to  the  data  with 
such  a  model  is  the  dashed  line  in  Fig.  1.  The  model  of  Eq. 
(3)  is  therefore  clearly  inadequate  for  Cu/Ni/Cu  (001). 

The  inadequacy  of  the  model  is  not  related  to  the  fact 
that  the  bulk  MS  energy  of  Ni  does  not  apply  to  Ni  thin 


films.  Our  films  show  essentially  constant  magnetization 
(±10%  relative  to  bulk)  with  thickness  down  to  30  A.  Fur¬ 
ther,  a  careful  study  by  Huang  et  al 16  showed  that  the  Curie 
temperature  of  bulk  Ni  is  valid  for  Ni  films  as  thin  as  35  A. 
Another  possible  source  of  discrepancy  between  the  model 
of  Eq.  (3)  and  the  data  could  be  the  \/h  film  thickness  de¬ 
pendence  generally  accepted  for  the  misfit  strain  e0(h).  Our 
own  measurements  of  the  thickness  dependence  of  the  strain 
in  Ni/Cu/Si  (001)  thin  films  yield9’11 

0.2 

(4) 

expressed  in  percent  with  h  in  A.  Whether  we  use  the  strain 
of  Eq.  (4)  or  other  powers  of  h,  there  remains  a  strong  di¬ 
vergence  between  the  measured  effective  magnetic  anisot¬ 
ropy  energy  of  Fig.  1  and  the  model  of  Eq.  (3).  The  source  of 
discrepancy  in  the  interpretation  of  Fig.  1  must  therefore  lie 
elsewhere. 

By  including  in  the  free  energy  the  surface  ME  anisot¬ 
ropy  term  predicted  by  the  strain-dependent  Neel  model,2  we 
obtain  the  following  phenomenological  equation  for  (001) 
epitaxial  films  sandwiched  between  two  identical  nonmag¬ 
netic  layers:8,9 

(Bs\ 

Bx  +  —\e0(h)h  +  2Ks.  (5) 

Substituting  in  the  Chappert-Bruno  strain15  yields 

,  Bsnhc 

KtSh  =  -  2  TrM2sh  +  2(B\ 7jhc + Ks)  +  2  — - — .  (6) 

Fitting  our  data  points  with  Eq.  (6),  we  obtain  the  solid  line 
shown  on  Fig.  1.  The  figure  clearly  shows  that  the  presence 
of  the  Bs/h  term  significantly  improves  the  fit  to  the  data  and 
offers  a  rational  explanation  for  the  behavior  of  the  data. 
Comparing  the  equation  of  the  solid  line  and  Eq.  (6),  and 
using  Bl  =  6.2X  107  ergs/cm3  and  hc— 18  A,  we  obtain 
B s (Ni/Cu) (00 1 )  — — 67  ergs/cm2  and  r  (Ni/Cu)  (001)- +0.98 
erg/cm2. 

We  have  also  fit  our  experimental  data  using  the  mea¬ 
sured  strain  of  Eq.  (4).  In  this  case,  we  obtained  the  follow¬ 
ing  surface  energies:  ZT(Ni/Cu)(001)— — 52  ergs/cm2  and 
Ks( Ni/Cu)(001)— +0.88  erg/cm2.  Clearly,  the  thickness  de¬ 
pendence  of  the  misfit  strain  in  the  magnetic  thin  film  affects 
the  parameters  deduced.  We  have  also  analyzed  the  data  of 
Jungblut  et  alP  using  the  strain  e0(h)  =  rjhjh  (with  hc  -  15 
A)  in  our  phenomenological  model,  and  found  a  good  fit  of 

TABLE  I.  Magnetic  surface  anisotropy  energies  of  the  Ni/Cu (001)  interface. 
The  results  obtained  by  applying  Eq.  (6)  to  our  data  and  to  those  of  Jungblut 
et  al.  (Ref.  14)  are  summarized  in  the  first  three  rows.  The  energies  reported 
by  Jungblut  et  al  using  the  model  of  Eq.  (3)  are  shown  in  the  last  row. 


Cu/Ni/Cu  (001) 

Bs  (ergs/cm2) 

Ks  (erg/cm2) 

e0(h)=  rjhjh 

-67 

+0.98 

eo(h)  =  0.2/h°-1 

-52 

+0.88 

Jungblut  et  al.  data 

-37 

+0.73 

e0  (h)=yh'clh 

Results  of 

-0.40 

Jungblut  et  al  (Ref.  14) 
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FIG.  2.  Dependence  of  the  effective  ME  coupling  coefficient  on  Ni  film 
thickness  in  Cu/Ni/Cu  (001)  sandwiches.  We  used  the  average  value 
B5(Ni/Cu)(001)s:w“50  ergs/cm2  obtained  from  the  data  in  Table  I.  The 
dashed  line  indicates  the  bulk  ME  coupling  coefficient  of  Ni. 


their  data  only  if  we  included  a  surface  ME  term  with 
B s (Ni/Cu) (00 1 )  *» — 37  ergs/cm2  and  K\ Ni/Cu)(001)~+0.73 
erg/cm2.  When  Jungblut  et  al  analyzed  their  data  with  Eq. 
(3),  they  found  Ks (Ni/Cu) (001) ^-0.40  erg/cm2,  assuming 
that  hc^40  k. 

The  above  results  on  the  surface  magnetocrystalline  an¬ 
isotropy  energy  and  the  surface  ME  coupling  coefficient  of 
the  Ni/Cu  (001)  interface  are  summarized  in  Table  I.  The 
surface  magnetocrystalline  anisotropy  energies  are  all  large 
and  positive  indicating  that  /C  (Ni/Cu)  (001)  together  with  the 
bulk  ME  anisotropy  energy,  22?1e0(/i),  account  for  the  re¬ 
markable  perpendicular  magnetic  anisotropy  in  Cu/Ni/Cu 
(001)  sandwiches.  On  the  other  hand,  the  surface  ME  cou¬ 
pling  coefficients  are  negative  indicating  that  the  surface  ME 
anisotropy  energy  2 Bse0(h)lh  favors  an  in-plane  magnetiza¬ 
tion.  At  small  Ni  thicknesses  (h< 20  A),  this  term  becomes 
very  large  and  is  responsible  for  keeping  the  magnetization 
in  plane.  The  magnetostatic  energy,  2i rM2,  on  the  other 
hand,  is  responsible  for  bringing  the  magnetization  back  in 
plane  for  h>  135  A.  Our  model  therefore  gives  a  consistent 
explanation  as  to  why  the  magnetization  easy  axis  changes 
orientation  twice.  Double  magnetization  easy-axis  transitions 
are  also  observed  in  bcc  Fe/Ag  (001)17  and  fee  Fe/Cu  (001)18 
thin  films.  In  both  cases,  both  transitions  occur  for  h<hc, 
which  means  once  again  that  they  cannot  be  explained  by 
Eq.  (3)  and  that  Eq.  (5)  or  Eq.  (6)  does  not  apply. 

The  average  values  of  the  surface  energies  in  the  first 
three  rows  of  Table  I  are  BSf**  -  50  ergs/cm2  and  Ks**  +  0.85 
erg/cm2.  In  agreement  with  the  predictions  of  the  strain- 
dependent  Neel  model2  for  fee  (001)  interfaces,  Ks  and  Bs 
have  opposite  signs.  Using  the  average  surface  ME  coupling 


coefficient,  we  plot  Bcff~B  {  +  Bs/h  for  Cu/Ni/Cu  (001)  sand¬ 
wiches  in  Fig.  2.  The  figure  indicates  that  significant  devia¬ 
tions  from  the  bulk  value  B  x  occur  for  films  as  thick  as  200 
A  and  that  5eff  changes  sign  around  80  A.  This  striking  result 
questions  the  assumption,  often  encountered  in  the  literature, 
that  bulk  ME  coupling  coefficients  apply  to  ultrathin  films 
and  is  supported  by  the  recent  direct  measurements  of  mag¬ 
netostriction  by  Song  et  al.6  and  Weber  et  al.1  We  emphasize 
that  ME  coupling  in  ultrathin  films  depends  strongly  on  the 
symmetry  and  chemistry  of  the  interfaces,  not  just  on  the  film 
thickness,  h? 
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Using  x-ray  lithography  we  have  patterned  dot  arrays  in  Au/Co/Au(ll  1)  sandwiches  based  on 
ultrathin  Co  layers  with  perpendicular  anisotropy.  Large  area  arrays  of  dots  with  diameters  of  1  and 
2  jam  have  been  obtained,  keeping  mostly  undamaged  the  ultrathin  Co  layer.  Hysteresis  loops  of  the 
arrays  depend  drastically  on  the  dot  diameter.  Magneto-optical  domain  visualization  experiments 
confirm  a  magnetization  reversal  mechanism  based  on  a  large  distribution  of  nucleation  fields  in  the 
film,  with  complete  reversal  of  the  magnetization  of  one  dot  through  the  domain  wall  propagation 
after  a  local  nucleation  process.  This  could  give  information  on  the  magnetization  reversal  processes 
in  Au/Co/Au(lll)  continuous  films.  ©  1996  American  Institute  of  Physics. 
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The  study  of  magnetization  reversal  processes  in  thin 
and  ultrathin  (a  few  atomic  layers  thick)  magnetic  films  is  of 
wide  interest  both  for  fundamental  research  and  for  applica¬ 
tions  to  magnetic  recording  and  sensors.  One  way  to  get 
information  on  the  intrinsic  processes  could  be  to  reduce  the 
lateral  dimensions  of  the  films  to  values  comparable  to  the 
fundamental  lengths  of  magnetism,  like  domain  wall  width 
or  minimum  domain  size.1  Such  patterned  films  have  also 
been  proposed  as  new  media  for  magnetic2  or 
magneto-optical3  recording.  Defining  geometrically  the  mag¬ 
netic  bit  borders  could  indeed  be  a  path  toward  drastic  re¬ 
duction  of  the  bit  size,  without  increasing  the  wall  jagged¬ 
ness,  detrimental  to  the  signal-to-noise  ratio.3 

We  present  a  magnetic  study  of  dot  arrays  patterned  in 
Au/Co/Au(lll)  sandwiches  based  on  ultrathin  Co  layers 
with  perpendicular  magnetic  anisotropy.  Large  area  arrays  of 
dots  with  diameters  of  1  and  2  jum  have  been  obtained  using 
x-ray  lithography  and  ion-beam  etching.  Hysteresis  loops  of 
the  arrays  depend  drastically  on  the  dot  diameter.  Domain 
visualization  experiments  confirm  a  magnetization  reversal 
mechanism  based  on  a  large  distribution  of  nucleation  fields 
in  the  film,  coupled  to  complete  reversal  of  the  magnetiza¬ 
tion  of  one  dot  through  domain  wall  propagation  after  a  local 
nucleation  process,  in  agreement  with  previous  similar  mea¬ 
surements  on  continuous  films.4 

Preparation  techniques  and  the  crystalline  structure  of 
our  Au/Co/Au  samples  have  already  been  published.5,6 
Depositions  are  made  in  a  ultrahigh  vacuum  unit  (below 
5X10-10  mbar)  using  Joule  heating  and  electron  beam 
evaporation.  The  first  step  is  to  grow  a  polycrystalline, 
atomically  flat,  fully  textured,  28-nm-thick  Au(lll)  buffer 
layer  on  a  flat  amorphous  substrate.  For  regular  magnetic 
studies  we  use  float  glass  platelets.  For  the  present  study, 
float  glass  was  replaced  by  a  thermally  oxidized  Si  (001)  wa¬ 
fer,  without  loss  of  structural  quality.  On  this  Au(lll)  buffer, 
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Co  grows  nearly  layer  by  layer  under  its  stable  hcp(OOl) 
structure.  The  Co  layer  is  then  covered  by  a  7.5-nm-thick  Au 
coverage  to  ensure  protection  during  patterning  processes 
and  magnetic  studies.  Magnetic  and  magneto-optical  proper¬ 
ties  of  this  Au/Co/Au(lll)  system  have  been  extensively 
studied  (cf.  Ref.  7  and  references  herein).  Note  that  up  to 
about  10  atomic  layers  (AL)  of  Co,  the  easy  magnetization 
axis  remains  perpendicular  due  to  strong  magnetic  interface 
anisotropy.  The  magnetization  reversal  process  shows  two 
different  behaviors,  depending  on  the  structural  quality  and 
Co  thickness  of  the  sample.4  On  top  quality  samples  with  up 
to  about  7  AL  of  Co,  one  observes  rare  nucleation  of  reverse 
domains  followed  by  rapid  domain  wall  propagation 
throughout  the  sample.  This  gives  almost  perfectly  square 
hysteresis  loops  in  the  perpendicular  applied  field.  On  “bad” 
samples,  for  instance  deposited  on  a  rough  Au  buffer,  domain 
wall  propagation  is  blocked  by  the  defects  and  magnetization 
reversal  occurs  mostly  through  nucleation  processes,  which 
results  in  rounded  hysteresis  loops. 

The  magnetic  properties  thus  depend  drastically  on  the 
interface  quality.  Due  probably  to  the  polycrystalline  charac¬ 
ter  of  the  Au  buffer  layer,  further  heat  treatment  of  the 
sample  above  100  °C  can  easily  damage  it.  Moreover,  the 
adhesion  of  the  Au  layer  on  the  amorphous  substrate  is  very 
weak.8  Patterning  the  sample  without  modifying  its  magnetic 
properties  thus  required  careful  adaptation  of  all  microtech¬ 
nology  processes.9 

X-ray  lithography  was  used  to  define  the  structure  of  the 
dot  arrays.  This  technique  has  demonstrated  excellent  reso- ' 
lution  as  low  as  50  nm,10  which  will  allow  the  exploration  of 
mesoscopic  magnetic  phenomena  from  the  classical  to  the 
quantum  limit.  It  is  furthermore  a  parallel  process  (like  opti¬ 
cal  lithography),  allowing  us  to  rapidly  treat  large  areas  with 
a  high  throughput,  which  is  of  crucial  importance  for  appli¬ 
cations.  Exposures  were  done  using  synchrotron  radiation  in 
the  L2M  facility  at  Super-ACO  (Lure — orsay),  through  a 
mask  realized  using  a  current  technology11  based  on  a  silicon 
carbide  membrane  and  tungsten  or  gold  absorber  patterns. 
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FIG.  1.  Scanning  electron  microscopy  view  of  a  2  fx m  diam  by  22-fxm 
spacing  dot  array,  patterned  on  a  Au/Co/Au(lll)  sandwich. 


Resist  dot  arrays  were  obtained  on  the  magnetic  sandwiches 
with  a  positive  resist  PMMA/MAA. 

Ion  milling  was  then  used  as  the  etching  technique,  with 
Ar+  ions  at  500  eV  and  0.5  mA/cm2,  which  corresponds  to 
an  Au  etch  rate  of  about  40  nm/min  at  normal  incidence. 
Being  anisotropic,  this  technique  is  in  principle  well  adapted 
to  image  transfer  down  to  nanometer  scale,  as  it  preserves 
very  well  the  lateral  dimensions  and  shape  of  the  mask. 
However,  it  produces  some  Au  redeposition  on  the  resist 
walls.9  After  resist  removal  in  a  20%  02  plasma,  thin  Au 
“crowns”  remain  on  top  of  the  dots,  as  shown  in  Fig.  1. 
These  crowns  should  be  of  no  importance  to  the  standard 
magnetization  measurements  reported  here  (polar  magneto- 
opical  Kerr  effect  at  normal  incidence),  and  are  not  expected 
to  change  the  magnetic  properties  of  the  dots.  Besides  that, 
excellent  topological  qualities  of  the  patterned  structures 
could  be  obtained  (Fig.  1  and  Ref.  9). 

For  this  study,  a  mask  with  four  1X1  mm2  arrays  has 
been  used.  Each  array  is  composed  of  round  dots  with  re¬ 
spective  diameter  over  lattice  spacing  ratios  of  1/1.1,  2/2.2, 
1/2,  and  2/4,  all  lengths  given  in  yum.  Finally,  all  etching 
processes  have  been  performed  through  a  metallic  aperture, 
which  keeps  unetched  a  large  area  of  the  sample.  This  un¬ 
etched  part,  which  has  nevertheless  undergone  all  other 
nanofabrication  steps,  will  hereafter  be  referred  to  as  “con¬ 
tinuous  film”  (CF),  as  opposed  to  the  “as-grown”  sample 
coming  out  of  the  deposition  chamber. 

Hysteresis  loops  were  taken  on  each  sample,  using  a 
sensitive  magnetoptical  Kerr  effect  experiment7  with  a  laser 
beam  focused  to  a  diameter  of  0.4  mm,  for  all  different  con¬ 
figurations  of  the  samples  (as  grown,  CF,  and  dot  arrays). 
Typical  results  are  displayed  in  Fig.  2  for  a  sample  with  5  AL 
Co  thickness  and  an  excellent  as-grown  quality.  Note  first 
that  we  could  find  no  significant  effect  of  the  dot  spacing,  as 
expected  for  such  ultrathin  films  for  which  dipolar  coupling 
is  negligible.  The  hysteresis  loop  of  the  as-grown  film  ap¬ 
pears  perfectly  square.4  The  loop  measured  on  the  CF  is 
already  quite  rounded,  with  a  surprisingly  much  higher  coer¬ 
cive  field.  However,  the  beginning  of  the  magnetization  re¬ 
versal  remains  abrupt,  which  could  indicate  that  some  initial 
domain  propagation  still  exists  in  part  of  the  sample,  together 
with  the  existence  of  hard  centers  responsible  for  the  slow 
approach  to  saturation.  This  shows  that  limited  structural 
modifications  have  been  induced  in  our  samples  by  the  nano¬ 


FIG.  2.  Evolution  of  hysteresis  loops  vs  dot  diameter,  for  an  Au/Co/Au(lll) 
sample  with  5  AL  Co  thickness. 

fabrication  process  (a  similar  behavior  was  induced  by  sub¬ 
strate  patterning  in  Ref.  3).  The  loops  measured  on  the  dot 
arrays  are  much  more  rounded,  the  coercive  field  increasing 
dramatically  with  decreasing  dot  diameter  (Fig.  2).  However, 
the  magnetization  reversal  starts  for  CF  and  dot  arrays  at  the 
same  value  HN,  a  sign  of  some  intrinsic  origin  for  the  pro¬ 
cess. 

Indeed,  one  expects  that,  in  micrometer  size  dot  arrays 
patterned  in  high  quality  samples,  the  global  magnetization 
reversal  will  be  modified  through  the  blocking  of  the  domain 
wall  propagation  by  the  border  of  the  dot.  Assuming  that 
each  dot  has  its  magnetization  fully  reversed  by  wall  propa¬ 
gation  following  a  nucleation  event,  the  behavior  will  depend 
on  the  dot  diameter  through  the  spatial  distribution  of  nucle¬ 
ation  centers,  leading  to  more  rounded  hysteresis  loops  and 
higher  coercive  fields  with  decreasing  dot  diameter.  This 
looks  like  the  crossover  from  a  continuous  film  behavior  to 
that  of  an  assembly  of  magnetically  independent  grains  with 
a  large  distribution  of  nucleation  fields. 

This  picture  has  been  confirmed  by  domain  visualization 
experiments.  For  these  experiments,  we  have  used  a  polar¬ 
ization  microscope.  A  cooled  charge-coupled  device  camera 
acquires  the  images  which  are  stored  and  processed  in  the 
camera’s  processing  unit  and  a  linked  microcomputer.  The 
spatial  resolution  of  the  camera  (1  pixel)  corresponds  to  0.2 
/xm  on  the  sample,  but  due  to  diffraction  effects,  the  resolu¬ 
tion  is  of  the  order  of  0.5  /xm.  The  light  source  is  a  high 
intensity  blue  light  emitting  diode  (Nichia  Chemical).  Our 
experimental  setup  allows  us  to  obtain  images  of  the  magne¬ 
tization  state  of  the  sample  by  using  an  image  of  the  satu¬ 
rated  sample  as  a  reference  in  order  to  cancel  out  intensities 
of  nonmagnetic  origin.  Besides,  analysis  of  the  images  yields 
hysteresis  loops  of  an  assembly  of  dots  as  well  as  of  single 
dots. 

We  now  present  polar  Kerr  measurements  on  the  1/2  and 
2/4  arrays.  Figure  3(a)  displays  the  magnetic  image  of  the 
unetched  part  of  the  sample  (CF)  obtained  after  partial  rever¬ 
sal  of  the  saturation  magnetization  following  the  application 
of  a  bias  field  Hb  of  700  Oe  for  1  s.  One  observes  many 
nucleation  centers,  together  with  a  large  domain  developing 
by  propagation  of  its  domain  wall.  The  presence  of  numerous 
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FIG.  3.  Magneto-optic  images  of  a  1/2  array  of  dots,  taken  after  applying  a 
bias  field  Hh  for  1  s:  (a)  unetched  part  with  Hb  —  0.96  kOe;  (b)  Hb  =  0.96 
kOe;  (c)  Hb=  1.44  kOe;  (d)  Hb  =  235  kOe. 


nucleation  centers  confirms  that  the  photolithographic  pro¬ 
cess  has  somewhat  damaged  the  sample,  as  suggested  by  Fig. 
2,  but  without  totally  suppressing  domain  wall  propagation. 
Figures  3(b)-3(d)  present  magnetic  images  of  large  areas 
(including  several  hundred  dots)  of  the  1/2  array,  taken  for 
increasing  values  of  a  bias  field  Hb  applied  for  1  s,  after 
saturation  in  reverse  field.  In  these  images,  one  observes  an 
increase  of  the  number  of  reversed  dots  with  an  increase  of 
Hb. 

From  the  images  obtained  for  increasing  values  of  Hb , 
one  can  rebuild  the  hysteresis  loop  of  the  sample:  The  result 
is  in  perfect  agreement  with  the  loops  displayed  in  Fig.  2. 
But  it  is  also  important  to  measure  the  hysteresis  loops  of 
individual  dots  which  have  been  seen  to  reverse  their  mag¬ 
netization  for  different  field  values.  As  an  example,  Figs.  4(a) 
and  4(b)  display  the  hysteresis  loops  of  dots  which  flip  for 
different  values  of  the  reversed  bias  field.  These  last  pictures 
demonstrate  that  each  dot  has  its  own  and  very  well-defined 
coercive  field,  with  a  square  hysteresis  loop  which  confirms 
that  a  dot  is  fully  reversed  by  wall  propagation  once  a  nucle¬ 
ation  event  has  occurred.  Repeating  the  same  experiment 
several  times  shows  that  each  dot  always  reverses  its  mag¬ 
netization  for  the  same  value  of  the  coercive  field.  Thus,  the 
spread  of  the  coercive  field  which  is  observed  on  an  assem¬ 
bly  of  dots,  Fig.  2,  comes  from  the  distribution  of  the  indi¬ 
vidual  nucleation  fields  of  the  dots.  Also,  the  above  results 
confirm  that  there  is  no  detectable  magnetic  coupling  be¬ 
tween  the  dots,  contrary  to  other  observations.3 

It  is  also  easy  to  reconcile  the  partial  domain  wall  block¬ 
ing  on  defects  observed  for  the  CF  [Fig.  3(a)],  and  the  pic¬ 
ture  developed  above  of  complete  magnetization  reversal  of 
individual  dots  through  domain  wall  propagation.  Indeed,  as 
can  be  seen  in  Fig.  2,  due  to  the  large  distribution  of  nucle¬ 
ation  fields,  most  of  the  dots  begin  to  reverse  their  magneti- 
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FIG.  4.  Examples  of  hysteresis  loops  of  individual  dots:  (a)  single  dots  of  a 
2/4  array;  (b)  single  dots  of  a  1/2  array. 

zation  at  high  fields— higher  than  the  propagation  field  nec¬ 
essary  to  overcome  the  blocking  on  defects  in  the  CF  area. 

Numerical  simulations  are  in  progress  on  the  theoretical 
basis  outlined  above  that  will  allow  us  to  extract  the  distri¬ 
bution  of  nucleation  fields  in  the  films. 
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Magnetic  force  microscopy  of  single-domain  single-crystal  iron  particles 
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Lithographic  patterning  techniques  have  been  used  to  fabricate  arrays  of  submicron  particles  from 
a  [110]  single-crystal  iron  thin  film  with  a  strong  uniaxial  surface  anisotropy  and  with  an  easy  axis 
of  magnetization  lying  in  the  [001]  direction  (in  the  plane  of  the  film).  Magnetic  force  microscopy 
images  indicate  that  these  islands  are  single  domain  over  a  wide  range  of  island  shapes  and  sizes. 

The  uniaxial  surface  anisotropy  is  stronger  than  the  shape  anisotropy  for  the  island  geometries  used, 
so  the  easy  axes  of  the  islands  all  lie  roughly  in  the  [001]  direction,  regardless  of  the  island  shape. 

Magnetic  force  images  were  also  taken  as  both  the  magnetic  tip  and  sample  were  subjected  to  a 
gradually  increasing  externally  applied  field.  This  technique  allows  us  to  monitor  the  magnetization 
reversal  of  individual  islands  and  provides  a  direct  measure  of  their  switching  fields.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)21908-0] 


INTRODUCTION 

The  application  of  lithographic  patterning  techniques  to 
the  study  of  fine  magnetic  particles  has  permitted  experimen¬ 
tal  measurements  of  single-domain  magnetic  islands  with 
well-controlled  sizes  and  shapes.1,2  Most  of  these  experi¬ 
ments  have  used  soft  magnetic  materials  with  negligible 
magnetocrystalline  anisotropy,1-5  so  the  easy  axis  of  magne¬ 
tization  of  each  patterned  island  was  determined  solely  by  its 
shape,  and  could  be  controlled  by  lithography.  For  hard  mag¬ 
netic  materials  with  strong  magnetocrystalline  anisotropy  it 
is  more  difficult  to  obtain  small  particles  with  predictable 
and  well-defined  easy  axes:  one  must  control  not  only  par¬ 
ticle  shape,  but  also  the  crystallographic  structure  of  the 
magnetic  material. 

In  previous  work,  we  studied  the  behavior  of  single¬ 
domain  islands  fabricated  from  a  hard  polycrystalline  mag¬ 
netic  film.6  Because  of  the  inherent  microstructural  inhomo¬ 
geneities  in  these  polycrystalline  films,  the  magnetic  islands 
did  not  have  predictable  magnetic  properties.7,8  To  obtain 
single-domain  particles  with  more  predictable  magnetic 
properties,  we  have  patterned  islands  from  a  200-A-thick 
single-crystal  [110]  iron  film  with  an  easy  axis  of  magneti¬ 
zation  (due  to  surface  anisotropy)  along  the  [001]  direction. 

MAGNETIC  FILM  PREPARATION  AND 
CHARACTERIZATION 

The  magnetic  film  to  be  patterned  was  deposited  in  a 
custom-built  dc  magnetron  sputtering  system  using  a  proce¬ 
dure  similar  to  that  outlined  in  Refs.  9  and  10:  a  200-A-thick 
layer  of  single-crystal  [110]  iron  was  deposited  onto  an  890- 
A-thick  seed  layer^of  [110]  molybdenum,  which  was  in  turn 
deposited  on  a  [1120]  sapphire  substrate.  Both  the  molybde¬ 
num  and  iron  layers  are  bcc,  and  grow  with  their  [111]  axes 
parallel  to  the  [0001]  axis  of  the  sapphire.  The  sapphire  sub¬ 
strate  was  a  2-in.-diam  wafer  with  its  wafer  flat  perpendicu¬ 
lar  to  the  [0001]  direction.  The  orientation  of  the  the  iron 


[001]  direction  (which  turns  out  to  be  the  easy  axis  of  mag¬ 
netization)  was  therefore  roughly  35°  away  from  the  wafer 
flat  as  shown  in  Fig.  1. 

The  crystal  structure  of  the  [110]  iron  film  was  examined 
using  x-ray  diffraction.  Figure  2  shows  the  stereographic 
projection  of  a  cubic  system  onto  a  [110]  plane,  as  well  as 
the  locus  of  scattering  vectors  sampled  during  the  x-ray  scan. 
This  locus  intercepts  only  four  allowed  scattering  vectors 
which  are  separated  by  70°  and  110°.  The  experimental  data 
(Fig.  3)  show  peaks  at  the  appropriate  locations,  indicating 
that  the  film  is  single  crystal.  Rocking  curves  taken  across 
the  [011]  peak  showed  a  full  width  at  half-maximum  width 
of  1.7°,  consistent  with  good  quality  epitaxial  growth. 

Previous  experiments10  have  shown  that  iron/ 
molybdenum  multilayers  have  a  strong  uniaxial  anisotropy 
with  an  easy  axis  oriented  along  the  [001]  direction  in  the 
iron.  Figure  4(a)  shows  a  torque  curve  obtained  from  a 
multilayer  sample.  It  has  been  shown  that  the  anisotropy  is 
due  to  surface  effects  and  is  not  due  to  either  bulk  magneto¬ 
crystalline  anisotropy  or  strain-induced  anisotropy.10  For  a 
single-layer  200-A-thick  iron  film,  the  anisotropy  is  also 
uniaxial  and  still  believed  to  be  due  primarily  to  surface 


FIG.  1.  This  diagram  indicates  the  orientation  of  the  easy  axis  of  magneti¬ 
zation  with  respect  to  the  sapphire  wafer  flat.  Note  that  the  edges  of  the 
patterned  features  (to  be  shown  later)  will  lie  parallel  and  perpendicular  to 
the  wafer  flat,  and  will  not  be  aligned  with  the  easy  axis  of  magnetization. 
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FIG.  2.  The  stereographic  projection  of  a  cubic  system  onto  the  [110]  plane. 
The  heavy  line  shows  the  locus  of  x-ray  scattering  vectors  probed  during  the 
x-ray  scan.  For  a  single-crystal  substrate,  the  scan  should  yield  four  peaks 
([001],  [101],  [lOl],  and  [Oil])  separated  from  each  other  by  70°  and  100°. 


effects.  Figure  4(b)  shows  a  torque  loop  from  a  single  200- 
A-thick  iron  layer.  The  size  of  the  anisotropy  in  a  single  layer 
is  much  smaller  than  for  multilayers,  however  it  is  still  sig¬ 
nificantly  larger  than  the  expected  contribution  from  bulk 
magnetocrystalline  anisotropy.  For  both  single  and  multilay¬ 
ers,  the  easy  axis  is  along  the  [001]  axis  of  the  iron.  Hyster¬ 
esis  loops  (not  shown)  were  also  used  to  confirm  the  easy- 
axis  direction.  Classic  easy-  and  hard-axis  loops  were 
obtained  for  fields  applied  along  the  [001]  and  [110]  direc¬ 
tions,  respectively,  and  the  coercivity  for  the  easy  axis  loop 
was  60  Oe. 

The  sample  used  to  obtain  the  torque  loop  of  Fig.  4(b) 
was  a  9  mm2  area  of  200-A-thick  iron  with  a  total  magnetic 
volume  of  1.8X10“7  cm3.  A  frequency  domain  analysis  of 
the  torque  loop  indicates  that  the  strongest  harmonic  (which 
gives  rise  to  the  uniaxial  anisotropy)  has  an  amplitude  of 
0.50  dyn  cm.  As  long  as  the  magnetization  remains  in  plane, 
the  anisotropy  energy  of  the  magnetic  sample  will  be  of  the 
form  E=VK  sin2  0,  where  0  is  the  angle  between  the  mag¬ 
netization  and  the  [001]  easy  axis,  V  is  the  magnetic  volume 
of  the  sample,  and  K  is  a  uniaxial  anisotropy  constant.  The 
torque  measured  by  the  torque  magnetometer  is  t= 
-VK  sin  20,  so  we  have  V£=0.50  dyn  cm,  and  the  uniaxial 
anisotropy  constant  is  therefore  K= 28X105  ergs/cm3.  This 
value  is  the  bulk  magnetocrystalline  anisotropy  constant 
which  is  equivalent  to  the  surface  anisotropy  for  a  film  thick¬ 
ness  of  200  A. 


<j>  (degrees) 

FIG.  3.  An  x-ray  scan  of  the  [110]  iron  film.  There  are  four  peaks,  separated 
by  70°  and  110°  (see  Fig.  2). 


FIG.  4.  Graph  (a)  is  a  torque  curve  for  a  [110]  Fe/Mo  multilayer  film 
consisting  of  40  bilayers,  with  each  bilayer  containing  25  monolayers  of  Fe 
and  25  monolayers  of  Mo.  The  combined  thickness  of  Fe  is  2030  A.  Graph 
(b)  is  a  torque  loop  taken  from  a  9  mm2  section  of  a  200-A-thick  [110] 
single-layer  iron  film  on  a  molybdenum  underlayer.  The  applied  field  was 
15000  Oe. 


The  patterning  procedure  of  Ref.  1 1  was  applied  to  the 
single-crystal  iron  films  described  above.  A  large  area  of  film 
was  patterned  with  rectangles  of  various  shapes,  sizes,  and 
aspect  ratios,  with  dimensions  ranging  from  0.1  to  3  fim. 

MAGNETIC  FORCE  MICROSCOPY 

Atomic  and  magnetic  force  images  of  the  magnetic  is¬ 
lands  (Figs.  5-7)  were  obtained  using  a  commercial  Nano¬ 
scope  III  scanning  probe  microscope.  Two  striking  features 
emerge  from  these  images.  The  first  is  that  all  of  the  par¬ 
ticles,  even  the  very  large  1.0  by  3.0  fim  islands,  appear  to  be 
single  domain.  The  second  is  that  the  magnetizations  of  the 
particles  are  all  oriented  roughly  along  the  [001]  or  [001] 
directions  (that  is  along  the  easy  axis  defined  by  the  surface 
anisotropy  of  the  unpattemed  film)  regardless  of  particle 
shape. 

We  can  compare  the  shape  and  magnetocrystalline 
anisotropies  for  a  0.2  by  0.6  yum  iron  island  patterned  from  a 
200  A  thin  film.  We  treat  the  island  as  an  ellipsoid  so  that  we 
can  easily  calculate  demagnetizing  coefficients.  If  a  is  the 
angle  between  the  magnetization  (assumed  uniform)  and  the 
long  axis  of  the  island  then  the  shape  anisotropy  energy  den¬ 
sity  can  be  written  as  Esh&pe=(l/4)M2(Na- Nb)cos  2a, 
where  Na  and  Nb  are  demagnetizing  factors  for  the  long  and 


FIG.  5.  Topographical  atomic  force  microscopy  image  of  single-crystal  iron 
islands  ranging  in  size  from  0.2  by  0.2  /am  to  0.2  by  0.6  fx m. 
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FIG.  6.  Magnetic  force  image  of  the  patterned  islands  shown  in  Fig.  5.  The 
orientation  of  the  easy  axis  of  magnetization  with  respect  to  the  edges  of  the 
patterned  features  is  shown  in  Fig.  1 .  All  of  the  particles  are  single  domain, 
and  the  magnetizations  are  all  directed  roughly  along  the  easy  axis  defined 
by  the  001  crystallographic  direction. 


short  axes  of  the  island,  respectively.  Using  Na=0.0l7T  and 
A^=0.347r,  we  obtain  £shape=6X105  ergs/cm3  (cos  2a).  We 
can  compare  this  with  the  surface  anisotropy  energy  density: 
^"surface =  (1/2) AT  cos  26=  — 14  ergs/cm3  (cos  20),  where  6is 
the  angle  between  the  magnetization  and  the  [001]  axis  of 
the  iron.  Since  the  surface  anisotropy  is  larger  than  the  shape 
anisotropy,  we  expect  the  easy  axis  to  be  determined  prima¬ 
rily  by  the  crystalline  orientation  rather  than  island  shape. 

Magnetic  images  were  also  taken  as  the  sample  and  tip 
were  subjected  to  a  gradually  increasing  externally  applied 
field.  Although  we  observed  that  switching  fields  generally 
increased  with  particle  size,  we  attribute  this  to  tip-induced 
switching:  fields  from  the  imaging  tip  have  a  greater  effect 
on  smaller  islands.  Interpretation  of  images  such  as  those  of 
Fig.  8  is  complicated  by  the  effect  of  the  external  field  on  the 
magnetic  tip.  At  high  fields  the  tip  magnetization  is  almost 
horizontal  and  images  of  single-domain  particles  are  quite 
different  from  those  of  Figs.  6  and  7  in  which  the  tip  is 
vertically  magnetized.12,13 


FIG.  7.  Magnetic  force  images  of  single-crystal  iron  islands  with  sizes  rang¬ 
ing  from  1.0  by  1.0  [xm  to  1.0  by  3.0  fivn.  Some  of  the  islands  have  delib¬ 
erately  smoothed  corners  or  serrated  edges.  Unlike  polycrystalline  cobalt 
islands  (Ref.  6),  the  patterned  features  are  single  domain  even  for  large 
island  sizes.  For  this  sample,  the  silicon  dioxide  mask  was  not  completely 
removed,  so  the  magnetic  signal  is  slightly  stronger  at  the  edges  of  the 
islands.  The  islands  appear  to  be  either  sticking  up  out  of  the  surface  or 
receding  into  the  surface,  depending  on  their  magnetization  state. 
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(b) 

FIG.  8.  Figure  (a)  shows  a  magnetic  force  image  of  three  islands,  each  with 
a  width  of  0.5  fim ,  but  with  different  lengths.  In  (b),  the  vertical  scan 
direction  has  been  turned  off,  and  the  magnetic  tip  moves  back  and  forth 
along  a  horizontal  line  («-»)  as  an  externally  applied  field  from  an  electro¬ 
magnet  is  ramped  up.  The  field  is  applied  within  five  degrees  of  the  easy 
axis  of  magnetization  as  shown  in  Fig.  1.  Both  the  electromagnet  and  the 
islands  are  initially  in  a  saturation  remanent  state  [at  the  bottom  of  (b)].  As 
the  field  is  increased,  the  left  and  right  islands  are  the  first  to  reverse  their 
magnetizations  (at  435  Oe)  followed  by  the  center  island  (at  672  Oe).  At  910 
Oe,  the  magnetization  of  the  tip  reverses  so  as  to  align  itself  with  the  applied 
field. 
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Surface-induced  miscibility  gap  in  vapor  deposited  Co^Pt*  (abstract) 

M.  Q.  Tran,  A.  L.  Shapiro,  P.  W.  Rooney,  and  F.  Heilman 

Department  of  Physics,  University  of  California  at  San  Diego,  La  Jolla,  California  92093-0139 

We  have  deposited  (100)  and  (111)  oriented  single-crystal  Co,  _APtf  films  (*=0.65,  0.75,  and  0.86) 
over  a  range  of  growth  temperatures  from  -50  to  800  °C.  The  Curie  temperature  is  increased  by  up 
to  200  °C  over  the  value  expected  for  the  homogeneous,  chemically  disordered  alloy  in  the 
as-deposited  films  (of  both  orientations)  grown  near  400  °C.  Measurements  of  the  onset  of  magnetic 
ordering  below  the  Curie  temperature  indicate  separation  into  Co-rich  and  Pt-rich  regions.  High 
resolution  x-ray  measurements  show  no  shift  in  the  lattice  constant  or  broadening  of  the  x-ray  peaks, 
and  no  observable  strain  for  *=0.75,  suggesting  that  the  separated  regions  are  small  and  epitaxially 
coherent.  We  interpret  this  as  evidence  for  a  previously  unobserved  miscibility  gap.  The  bulk  phase 
diagram  shows  no  phase  separation,  but  magnetic  energy  tends  to  drive  the  system  toward 
immiscibility  as  demonstrated  by  the  calculations  of  several  workers.  We  suggest  that  the  observed 
miscibility  gap  is  an  equilibrium  surface  effect,  trapped  into  the  bulk  film  by  low  bulk  mobility.1 
Preliminary  work  by  Rosengren  and  Kundrotas  supports  this  idea.  Large  perpendicular  magnetic 
anistropy  is  found  in  those  films  that  exhibit  an  anomalously  high  Curie  temperature  (films  grown 
near  400  °C).  This  anisotropy  is  likely  related  to  the  phase  separation.  After  annealing  at  high 
temperatures,  the  Curie  temperature  approaches  the  homogeneous  values  and  the  anisotropy 
relaxes.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)43408-X] 
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Effects  of  magnetostatic  interaction  between  two  single-domain  cobalt  bars 
on  crystal  anisotropy  and  switching  field  (abstract) 

Stephen  Y.  Chou  and  Linshu  Kong 

NanoStructure  Laboratory,  Department  of  Electrical  Engineering ,  University  of  Minnesota,  Minneapolis, 

Minnesota  55455 

Understanding  the  magnetostatic  field  effects  of  a  single-domain  particle  on  its  neighbors  during 
thin  film  deposition  and  magnetic  recording  is  essential  to  the  development  of  magnetic  recording 
media.  Here,  we  present  a  unique  study  of  such  effects  using  nanofabrication  technology  and 
magnetic  force  microscopy  (MFM).  We  fabricated  pairs  of  single-domain  cobalt  bars.  Each  bar  is  35 
nm  thick,  50  nm  wide,  and  1  yam  long.  The  twin  bars  were  oriented  side-by-side  on  a  silicon 
substrate  with  a  spacing  that  varied  from  50  to  1000  nm.  In  fabrication,  a  resist  template  was  first 
created  on  a  silicon  substrate,  followed  by  e-beam  evaporation  of  cobalt  into  the  bar-shaped 
openings  of  the  template  as  well  as  on  the  top  of  the  template.  Then,  the  resist  was  dissolved  making 
the  cobalt  on  top  of  the  template  lift  off.  MFM  showed  that  as-fabricated  bars  are  single  magnetic 
domain.  We  polarized  the  magnetic  moment  of  the  twin  single-domain  bars  in  the  same  direction 
and  measured  the  magnetic  field  needed  for  the  following  three  cases:  (a)  switching  the 
magnetization  direction  of  only  one  of  the  twin  bars,  Ha ;  (b)  switching  both  bars,  Hb ;  and  (c) 
switching  one  bar  after  the  other  bar  was  physically  removed  by  a  nanotechnique,  Hc.  Two 
important  facts  can  be  seen.  First,  for  a  given  bar  spacing,  Ha<Hc<Hb,  The  difference  is  due  to 
the  demagnetization  field  of  the  neighbor  which  is  on  the  order  of  150  Oe  depending  upon  the  bar 
spacing.  Second,  all  three  switching  fields  decrease  significantly  as  the  bar  spacing  becomes  larger. 

For  example,  Hc  is  2050  Oe  for  a  300  nm  bar  spacing  and  1700  Oe  for  1000  nm  spacing.  The 
spacing  dependence  of  Hc  clearly  indicates  that  the  intrinsic  switching  field  of  a  bar  has  been 
significantly  affected,  during  the  cobalt  deposition,  by  the  demagnetization  field  of  its  neighbors. 

One  explanation  is  that  as  soon  as  the  first  few  atomic  layers  of  cobalt  were  deposited  into  a 
nanoscale  bar  shaped  opening  in  the  resist  template,  a  single  domain  is  formed  immediately  creating 
a  magnetostatic  field.  This  field  forces  the  c  axis  of  the  cobalt  that  was  later  deposited  into  the 
neighboring  bar  to  align  with  the  field,  therefore  enhancing  the  crystal  anisotropy  and  intrinsic 
coercivity  of  the  neighboring  bar.  This  study  implies  that  a  small  topology  variation  on  a  magnetic 
disk  substrate  may  cause  a  large  local  coercivity  variation  due  to  the  enhancement  of  crystal 
anisotropy  and  coercivity  induced  during  the  deposition  by  the  demagnetization  field  of  neighboring 
single-domain  particles.  ©  1996  American  Institute  of  Physics,  [S0021-8979(96)43508-6] 
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Superconductivity 


J.  Lynn,  Chairman 


Synthesis  and  physical  properties  of  RNi2B2C  and  related  materials 
(invited)  (abstract) 

R.  J.  Cava 

AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974 

Copper  oxides  have  dominated  superconductivity  research  since  1987.  The  interplay  between 
superconductivity  and  magnetism  lies  at  the  center  of  the  controversy  concerning  the  appropriate 
microscopic  model  for  their  superconductivity.  We  have  recently  been  exploring  a  broad  new  family 
of  materials  which  represent  the  first  true  quaternary  intermetallic  superconductors.  Although  their 
superconducting  Tc’ s  are  not  competitive  with  the  copper  oxides,  several  of  the  members  of  the 
family  have  Tc’s  equivalent  to  the  highest  Tc's  ever  reported  for  intermetallic  compounds.  The 
materials  are  especially  surprising  in  that  they  are  not  based  on  niobium  alloys,  but  rather  are  based 
on  the  borides  of  nickel,  palladium,  and  platinum.  The  presence  of  square  planes  of  the  normally 
magnetic  transition  metals  nickel  and  palladium  suggests  that  magnetism  might  play  some  role  in 
the  superconducting  mechanism.  There  are  experimental  results  on  both  sides  of  the  magnetic/ 
conventional  mechanism  question,  and  although  at  this  time  the  community  is  leaning  largely 
toward  a  conventional  mechanism,  this  should  still  be  considered  an  open  question.  The  presence  of 
superconductivity  for  some  of  the  magnetic  rare  earth  analogs  results  in  interesting  phenomena, 
especially  in  the  case  of  HoNi2B2C  where  the  magnetic  transition  on  the  Ho  sublattice  is  very  close 
to  the  superconducting  Tc.  This  talk  will  serve  as  an  introduction  to  the  chemistry,  structure,  and 
basic  physical  properties  of  these  new  materials,  and  will  draw  on  the  results  of  other  groups,  as 
well  to  present  a  summary  view  of  these  materials.  ©  1996  American  Institute  of  Physics. 
[S002 1  -8979(96)63108-4] 
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Neutron  scattering  studies  of  the  magnetic  order  in  RNi2B2C 

J.  W.  Lynn  and  Q.  Huang 

Reactor  Radiation  Division,  National  Institute  of  Standards  and  Technology, 

Gaithersburg,  Maryland  20899  and  University  of  Maryland,  College  Park,  Maryland  20742 

S.  K.  Sinha 

Advanced  Photon  Source,  Argonne  National  Laboratory,  Argonne,  Illinois  60439 

Z.  Hossain,  L.  C.  Gupta,  and  R.  Nagarajan 

Tata  Institute  of  Fundamental  Research,  Bombay  400  005,  India 

C.  Godart 

CNRS,  U PR-209,  92195  Meudon,  Cedex,  France 

Neutron  diffraction  has  been  used  to  investigate  the  magnetic  order  of  RNi2B2C.  For  R=Er  the 
system  orders  antiferromagnetically  at  TN— 6.8  K,  and  this  long  range  order  coexists  with 
superconductivity  (7^=11  K).  The  magnetic  structure  is  an  incommensurate,  transversely  polarized 
spin-density-wave  state,  with  the  modulation  wave  vector  8  along  the  a  axis  and  the  moments  along 
b.  8  has  a  temperature-independent  value  of  0.5526  (2'77/a),  with  the  structure  squaring  up  at  low 
temperatures.  For  R=Ho  the  moments  also  prefer  to  reside  in  the  a-b  plane,  but  initially  an 
incommensurate  c-axis  spiral  state  forms  upon  cooling,  with  TN^TC^ 8  K.  This  oaxis  spiral 
consists  of  ferromagnetic  sheets  of  holmium  moments  in  the  a-b  plane,  but  with  each  sheet  rotated 
by  —163°  as  one  proceeds  along  the  c  axis.  Small  a-axis  peaks  are  also  observed  above  the  reentrant 
superconducting  transition  over  a  narrow  temperature  range,  but  the  c-axis  peaks  dominate.  Just 
below  the  reentrant  transition  at  ~5  K  the  magnetic  system  locks-in  to  a  simple  commensurate 
antiferromagnetic  structure,  which  permits  superconductivity  to  be  restored.  The  c-axis  spiral,  the 
a-axis  component,  the  commensurate  antiferromagnetic  structure,  and  the  superconducting  phase 
are  all  in  a  delicate  balance  energetically,  and  this  balance  may  be  easily  shifted  by  subtle  changes 
in  composition,  magnetic  field,  and  pressure.  DyNi2B2C  orders  antiferromagnetically  at  7^=11  K, 
with  the  same  commensurate  antiferromagnetic  structure  as  found  for  the  holmium  material  at  low 
temperature.  The  existence  of  superconductivity  in  some  samples  of  DyNi2B2C  is  consistent  with 
the  antiferromagnetic  structure  observed.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)02008-8] 


I.  INTRODUCTION 

The  interaction  between  magnetic  long  range  order  and 
superconductivity  has  been  an  active  area  of  interest  for 
many  years.  In  the  Chevrel-phase  and  related  compounds1 
the  magnetic  ordering  temperatures  are  typically  much  lower 
than  the  superconducting  transitions,  and  are  in  the  tempera¬ 
ture  range  where  dipolar  interactions  play  a  crucial  role.  An 
even  more  extreme  situation  is  found  for  the  high-7^  cuprate 
superconductors,  where  the  rare  earth  ordering  is  typically 
~1  K  while  the  superconducting  transitions  are  one  to  two 
orders  of  magnitude  higher  in  temperature.2  The  new  classes 
of  quaternary  intermetallic  borocarbide  superconductors  such 
as  the  RNi2B2C  (R- magnetic  rare  earth  ion)  materials3  have 
therefore  attracted  considerable  attention  because  the  mag¬ 
netic  ordering  of  the  rare  earth  ions  typically  occurs  at  a 
much  higher  temperature,4"12  which  requires  that  exchange 
interactions  dominant  the  energetics  rather  than  dipolar  inter¬ 
actions.  The  7ys  are  also  comparable  to  the  magnetic  tran¬ 
sition  temperatures  so  that  the  interplay  between  these  two 
cooperative  phenomena  is  enhanced.  Moreover,  the  evidence 
to  date  suggests  that  the  superconductivity  is  three- 
dimensional  in  nature,  unlike  the  layered  cuprates,  and  that  it 
originates  from  a  relatively  strong  electron-phonon  interac¬ 
tion  so  that  the  theories  advanced  to  explain  the  original 
systems  can  be  more  readily  compared  and  tested  experimen¬ 


tally  in  these  new  materials.  We  have  therefore  been  carrying 
out  neutron  scattering  experiments  to  explore  the  nature  of 
the  magnetism  and  its  interaction  with  superconductivity.4"8 

The  samples  were  prepared  by  melting  the  elements  Y, 
Er,  Ho,  Dy,  or  Ce  (purity  99.9%),  Ni  (99.9%),  B  (99.8%), 
and  C  (99.7%)  in  an  arc-furnace  under  a  protective  atmo¬ 
sphere  of  flowing  argon.  The  UB  isotope  was  used  to  reduce 
the  effects  of  nuclear  absorption  in  the  samples.  The  powder 
diffraction  measurements  were  carried  out  on  the  diffractom¬ 
eters  at  National  Institute  of  Standards  and  Technology 
(NIST),  and  more  recently  at  the  high-flux-isotope  reactor 
(HFIR)  spectrometers  at  the  Oak  Ridge  National  Laboratory 
when  the  NIST  facilities  were  unavailable.  A  standard  top¬ 
loading  pumped  He  cryostat  with  a  low  T  capability  of  1 .7  K 
was  employed  to  control  the  sample  temperature.  Data  were 
collected  on  samples  of  Er,  Ho,  Dy,  Ce,  and  Y.  No  magnetic 
order  was  found  in  either  the  Y(6)  or  Ce  systems,  and  so  no 
further  discussion  of  these  materials  will  be  given  here. 

II.  RESULTS  AND  DISCUSSION 
A.  HoNi2B2C 

The  first  system  to  be  investigated  with  neutrons  was 
HoNi2B2C  because  of  the  doubly  reentrant  superconducting 
behavior  exhibited  by  this  material.3  Both  the  magnetic  order 
and  the  superconductivity  begin  to  develop  at  ~8  K,  and 
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FIG.  1.  Temperature  dependence  of  the  commensurate  antiferromagnetic 
(T)  Bragg  peaks,  the  incommensurate  c-axis  spiral  peaks  (•),  and  incom¬ 
mensurate  the  c-axis  magnetic  peaks  (O)  for  this  sample  of  HoNi2B2C. 
These  data  were  taken  on  cooling. 


coupled  and  competing  states,  with  the  development  of  the 
spiral  amplitude  driving  the  system  normal.4,5,7,8,13  The 
simple  commensurate  antiferromagnetic  state,  on  the  other 
hand,  is  not  strongly  coupled  to  the  superconductivity,  which 
allows  the  coexistence  at  low  temperature. 

Finally,  we  note  that  there  is  also  a  small  component  of 
the  magnetism  associated  with  an  incommensurate  a -axis 
modulation  found  by  Goldman  et  al .,9  as  also  shown  in  Fig. 
1.  The  intensity  of  this  peak  is  much  smaller  than  for  the 
spiral  peaks,  and  exists  over  a  narrower  temperature  range. 
In  particular,  note  that  the  development  of  the  c  axis  and 
antiferromagnetic  intensities  occur  together,  and  they  start  at 
a  higher  temperature  where  the  a  -axis  intensity  is  zero.  We 
also  note  that  the  maximum  in  intensity  for  the  a -axis  and 
c-axis  reflections  occurs  at  about  the  same  temperature  for 
this  particular  sample,  while  for  other  samples  they  occur  at 
quite  different  temperatures.  The  relative  intensity  of  these 
a -axis  peaks  and  the  temperature  range  where  they  appear 
also  vary  substantially  from  sample  to  sample.  These  results 
suggest  that  these  a -axis  peaks  again  originate  from  separate 
regions  of  the  sample,  and  emphasizes  that  the  antiferromag¬ 
netic,  c-axis  spiral,  a-axis,  and  superconducting  states  are  all 
delicate  functions  of  the  sample  composition. 


initially  two  types  of  magnetic  peaks  were  observed.4  One 
set  of  peaks  originates  from  a  long-wavelength  c-axis  spiral 
antiferromagnetic  structure,  where  the  moments  in  the  tetrag¬ 
onal  plane  are  ferromagnetically  aligned,  but  they  spiral 
along  the  c  axis  with  a  relative  alignment  of  163°.  Thus  this 
magnetic  periodicity  is  incommensurate  with  the  underlying 
chemical  unit  cell.  The  second  set  of  peaks  originates  from  a 
commensurate  magnetic  structure  in  which  the  Ho  moments 
are  again  ferromagnetically  aligned  within  the  tetragonal 
plane,  but  are  antiferromagnetically  coupled  along  the  c  axis 
(i.e.,  a  relative  alignment  of  180°).  The  temperature  evolu¬ 
tion  of  these  two  types  of  peaks  is  shown  in  Fig.  1,  where  the 
intensities  have  been  normalized  to  the  nuclear  peaks.  Upon 
cooling  through  the  ordering  temperature  we  see  that  the 
intensity  of  the  spiral  peak  in  this  sample  is  about  twice  the 
intensity  of  the  (001)  commensurate  antiferromagnetic  peak, 
which  is  quite  different  than  found  for  other  samples.4,5,7-9 
Thus  the  relative  ratio  of  these  two  types  of  peaks  varies 
dramatically  from  sample  to  sample,  and  demonstrates  that 
these  two  types  of  magnetic  order  occur  in  distinct  regions  of 
the  sample.  Indeed,  it  is  now  clear12  that  both  the  magnetic 
and  superconducting  states  are  very  sensitive  functions  of  the 
sample  composition  for  all  these  materials. 

Upon  further  cooling  the  antiferromagnetic  intensity  be¬ 
gins  to  rapidly  increase,  while  the  intensity  of  the  spiral  state 
drops  rapidly.  This  is  just  the  temperature  regime  where  the 
reentrant  superconductivity  is  observed;  the  superconducting 
state  that  initially  forms  on  cooling  is  quenched,  but  then  is 
regained  at  lower  temperature  as  the  spiral  intensity  disap¬ 
pears  and  the  antiferromagnetic  state  becomes  fully  estab¬ 
lished.  At  low  T  only  the  commensurate  antiferromagnetic 
order  survives  in  this  sample,  and  this  magnetic  order  readily 
coexists  with  the  superconductivity.  Hence  we  believe  that 
the  spiral  magnetic  order  and  superconductivity  are  strongly 


B.  DyNi2B2C 

The  Dy  ions  in  DyNi2B2C  order  antiferromagnetically  at 
a  Tn  just  above  10  K.  Within  the  a-b  plane  the  moments  are 
ferromagnetically  aligned,  while  the  structure  is  antiferro¬ 
magnetic  along  the  c  axis.10  This  is  the  same  commensurate, 
collinear  antiferromagnetic  structure  that  is  found  in  the 
HoNi2B2C  material  at  low  temperature.  The  superconducting 
state  is  very  sensitive  to  the  precise  composition  of  the 
sample,  and  is  present  in  some  samples  while  absent  in 
others.14,15  If  the  superconducting  state  is  present  then  there 
appears  to  be  little  interaction  between  it  and  the  magnetic 
order  parameter,  with  the  two  coexisting  to  low  temperatures 
as  found  for  HoNi2B2C. 

The  intensity  of  the  (001)  antiferromagnetic  Bragg  peak 
is  shown  in  Fig.  2  as  a  function  of  temperature.  The  intensity 
varies  smoothly  with  temperature,  with  no  evidence  of  any 
hysteresis  (in  contrast  to  the  case  of  HoNi2B2C).  The  solid 
curve  is  a  fit  to  the  S  =  1/2,  2d  Ising  model,  with  the  fit  being 
restricted  to  the  data  below  9  K  to  avoid  the  effects  of  critical 
scattering.  The  overall  fit  is  relatively  good,  with  7^=10.16 
K.  However,  this  curve  should  be  regarded  primarily  as  a 
“guide-to-the-eye”  rather  than  as  establishing  the  2d  Ising 
model  as  appropriate;  a  more  definitive  test  could  be  made 
with  an  extinction-free  single  crystal.  We  also  tried  fitting  the 
data  to  a  mean  field  model  with  a  variable  spin,  but  the  fitted 
curve  was  not  steep  enough  and  the  fit  was  not  nearly  as 
good.  Finally,  we  obtained  a  low  temperature  ordered  mo¬ 
ment  of  8.47(9)  fiB  from  the  profile  refinements  of  the  full 
diffraction  pattern. 

C«  ErNi2B2C 

For  the  Er  system  the  superconducting  transition  occurs 
at  Tc^ll  K,  and  superconductivity  persists  to  low  tempera¬ 
tures  with  no  reentrant  transitions  or  evidence  of  strong  cou- 
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FIG.  2.  Temperature  dependence  of  the  intensity  of  the  (001)  magnetic 
reflection  for  DyNi2B2C.  The  solid  curve  is  a  fit  to  the  2d  Ising  model. 
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FIG.  3.  Temperature  dependence  of  the  primary  spin  density  wave  intensity, 
and  the  third  harmonic,  in  ErNi2B2C. 


pling  to  the  magnetic  state.  The  antiferromagnetic  ordering 
develops  at  TN=6.8  K,6,11  with  the  Er  ions  forming  a  trans¬ 
versely  polarized,  incommensurate  spin  density  wave  state. 
The  modulation  wave  vector  for  this  state  is  £=0.5526  (27 tI 
a)  and  is  approximately  temperature  independent,  with  the 
direction  along  the  a  axis  (or  equivalently  along  the  b  axis  in 
this  tetragonal  system)  with  the  spins  directed  along  b  (or  a). 
The  staggered  magnetization  increases  smoothly  as  the  tem¬ 
perature  is  decreased  below  TN  as  shown  in  Fig.  3,  and  is 
nonhysteretic.  Higher-order  harmonics  of  8  also  develop  at 
lower  temperatures,  as  also  shown  in  Fig.  3,  and  indicate  a 
squaring-up  of  the  magnetic  structure  as  we  go  to  low  T. 
This  squaring-up  of  the  spin  density  wave  is  expected,  since 
a  purely  sinusoidal  spin  density  wave  cannot  be  the  ground 
state  of  a  local-moment  system  because  this  leaves  many  of 
the  moments  in  a  partially  disordered  state. 

A  refinement  of  the  magnetic  structure  gives  an  ordered 
moment  of  7.8  jhb/Ev  ion.  There  is  also  evidence  of  an  in¬ 
duced  moment  of  “0.35  /jlb  on  the  Ni  ions,  as  the  refinement 
gives  a  small  improvement  when  a  Ni  moment  is  included. 
However,  such  a  small  Ni  moment  is  difficult  to  resolve  un¬ 
ambiguously  from  the  large  Er  moment,  and  it  might  indicate 
that  a  small  adjustment  in  the  model  is  needed  rather  than  an 
actual  Ni  moment.  In  particular,  from  a  physical  standpoint 
an  ordered  Ni  moment  is  difficult  to  reconcile  with  the  co¬ 
existent  superconducting  state  since  it  is  believed  that  the  Ni 
electrons  are  the  ones  that  are  predominantly  involved  in  the 
Cooper  pairing.  The  spin-depairing  would  then  be  expected 
to  suppress  the  superconductivity  if  indeed  the  superconduct¬ 
ing  state  originates  from  conventional  BCS-type  electron- 
phonon  pairing.  Clearly  additional  work  will  be  needed  to 
clarify  this  issue. 

We  note  that  the  magnetic  structure  observed  in 
ErNi2B2C  is  reminiscent  of  the  small  a -axis  peaks  found  in 


the  HoNi2B2C  material  as  discussed  above.  Since  this  large- 
moment  magnetic  structure  readily  coexists  with  supercon¬ 
ductivity  in  the  Er  system,  it  seems  unlikely  that  the  weak 
a -axis  peaks  in  the  Ho  material  could  be  the  cause  of  the 
reentrant  behavior  in  HoNi2B2C.  Thus  this  is  additional  evi¬ 
dence  that  the  reentrant  superconducting  behavior  in  the  hol- 
mium  system  is  associated  with  the  incommensurate  c-axis 
magnetic  ordering. 
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Superconducting  metastable  phase  in  rapid  quenched  Y-Pd-B-C 
borocarbides 
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Rapid  quenched  (RQ)  palladium-based  borocarbides  with  large  fractions  of  the  superconducting 
phase  (rc>20  K)  have  been  obtained.  Superconductivity  is  found  to  exist  only  in  the  RQ  state. 
Thus,  while  the  as  cast  YPd2B2C  is  nonsuperconducting,  the  RQ  material  superconducts  and  has  an 
x-ray  diffraction  (XRD)-pattem  characteristic  of  a  face-centered  cubic  fee  lattice  with  a  lattice 
parameter  of  4.15  A.  A  sequential  annealing  study  shows  decay  of  the  superconducting  phase  above 
750  °C  which  correlates  well  with  the  reduction  in  the  integral  intensities  of  the  XRD  fee  peaks.  A 
tentative  phase  diagram  for  superconductivity  in  the  Y-Pd-B-C  systems  is  presented.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)40708-3] 


I.  INTRODUCTION 

In  early  1994  a  new  family  of  intermetallic  supercon¬ 
ductors  named  borocarbides  was  discovered.  Among  these 
materials,  the  Pd-based  borocarbide,  i.e.,  YPd5B3C035,  has 
the  highest  reported  Tc  (=23  K)  for  any  intermetallic  bulk 
superconductor.1  Soon  after,  the  crystal  structure  for  Ni- 
based  LuNi2B2C  was  reported  suggesting  that  the  supercon¬ 
ducting  phase  in  the  Pd  system  has  a  similar  structure  to  that 
of  the  Ni-based  borocarbides.2-4  However,  few  studies  have 
been  reported  on  Pd-based  borocarbides,  because  supercon¬ 
ductivity  in  this  system  is  due  to  a  metastable  phase  for 
which  conventional  synthesizing  methods  like  arc-melting 
will  not  be  efficient  yielding  only  a  minor  superconducting 
fraction  if  at  all. 

We  use  rapid  quenching  technique  to  identify  the  meta¬ 
stable  superconducting  phase.  This  approach  makes  it  pos¬ 
sible  to  suppress  phase  separation  and  obtain  a  more  homo¬ 
geneous  material.  As  far  as  we  know  there  are  no  other 
reports  on  RQ  borocarbides  except  our  earlier  study  on  melt- 
spun  YNi2B2C-ribbons.5’6  In  this  article  we  present  a  detailed 
study  of  rapid  quenched  YPd2B2C  in  which  we  find  the  x-ray 
diffraction  (XRD)-pattem  characteristic  for  a  face-centered 
cubic  (fee) -structure  (<2=4.15  A).  The  thermal  stability  of 
this  phase  shows  that  superconductivity  is  suppressed  simul¬ 
taneously  with  the  intensities  of  the  peaks  of  the  fcc-like 
XRD-pattem.  We  also  present  a  phase-diagram  showing  the 
optimum  composition  regimes  for  superconductivity  in  the 
Y-Pd-B-C  system. 

II.  EXPERIMENT 

Ingots  were  prepared  by  arc-melting  in  pure  (99.9997%) 
Ar  gas.  Bulk  pieces,  (99.9+%  Y,  C,  Pd,  99.7%  B),  were  used 
with  sample  batches  of  -3  g.  Ingots  were  remelted  several 
times.  Splat-quenching  as  well  as  melt  spinning  methods 
have  been  used.  Melt-spinning  was  performed  in  pure  Ar  on 
a  copper  wheel  with  a  peripheral  velocity  of  47  m/s.  Splat¬ 
quenching  was  performed  in  an  arc  melter  with  a  copper  rod 
impinging  at  a  hammer  blow  on  a  small  droplet  of  the  molten 
sample. 

Magnetization  was  measured  in  a  Quantum  Design 
SQUID.  XRD  data  were  obtained  in  a  Siemens  D5000  dif¬ 
fractometer  with  Cu  anode.  For  the  annealing  sequence  we 


used  the  same  sample  of  splat-quenched  material  with  nomi¬ 
nal  composition  YPd2B2C.  The  annealing  was  performed  in  a 
Perkin  Elmer  thermo-gravimetry  instrument  (TGS)  in  pure 
Ar  atmosphere.  The  annealing  system  was  purged  with  pure 
Ar  for  7  h  prior  to  each  annealing  (1  h). 

III.  RESULTS  AND  DISCUSSIONS 
A.  Rapid  quenched  Y-Pd-B-C 

The  pseudo-ternary  phase-diagram  in  Fig.  1  shows  the 
Tfs  for  the  as-melted  and  RQ  samples.  In  Table  I  the  Tf  s 
and  zero-field  cooled  susceptibility  (M/H)  at  5  K  are  given. 
The  as-melted  Pd-samples  show  superconductivity  only 
when  the  compositions  lie  outside  the  composition  region 
around  YPd2B2C  and  YPd3B3C  (hereafter  referred  to  as  the 
“1221  region”)  of  the  phase-diagram  and  in  these  cases  dis¬ 
playing  a  very  shallow  fraction  of  the  superconducting 
phase.  A  Tc  as  high  as  21.5  K  is  found  in  the  as-melted 
YPd5B3Ca35,  consistent  with  i.e.,  Ref.  1. 

In  contrast  to  what  is  observed  in  as-melted  ingots,  the 
best  RQ  Pd  samples  are  found  within  the  1221  region.  The 
compositions  on  the  verge  to  superconductivity  in  the  as- 
melted  state  are  no  longer  superconducting.  This  may  be 
understood  in  terms  of  two  mechanisms:  initial  formation 
and  the  subsequent  transformation  of  a  superconducting 


Pd 


FIG.  1.  Pseudoternary  phase  diagram  showing  the  investigated  composi¬ 
tions.  Tc  (K)  for  RQ  samples  are  in  italics  above  symbol,  for  “as-melted” 
samples  below  symbol.  means  Tc<5  K.  Solid  symbols  denote  large 
fractions  of  the  superconducting  phase  when  RQ. 
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TABLE  I.  Tc  and  zero-field  cooled  magnetic  susceptibility  normalized  to 
sample  mass  at  5  K,  -Mmass( 5  K )!H,  measured  in  10  G.  means  Tc< 5 

K.  Note:  demagnetization  corrections  have  not  been  made. 


YPdBC 

YPd2B2C 

YPd3B3C 

YPd4B4C 

YPd2B2 

YPcLB,Cn 


Tc  (K) 

as-cast 


Tc  (K) 
RQ 


-M( 5  K )IH 
(10-5 
emu/g/G) 
as-cast 


9.5 


20 

21.5 


21 

22.5 
10 

21.5 


1 

0 

0 

0 

1 

30 


-M( 5  K )IH 
(10-5 
emu/g/G) 
RQ 


0 

1400 

30 

8 

0 

270 


metastable  phase.  Since  the  formation  and  transformation  oc¬ 
cur  sequentially,  a  dynamic  equilibrium  will  develop  yielding 
both  the  metastable  phase  and  its  derivatives  depending  on 
the  time-scale  of  the  cooling.  During  the  natural  cooling  of 
the  as-melted  samples  with  compositions  from  outside  the 
1221  region,  we  expect  a  multiphase  situation,  which  slows 
down  the  crystallization  process.  Even  a  relatively  slow  cool¬ 
ing  after  arc-melting  is  enough  to  prevent  the  crystallization 
to  reach  the  ground  state.  In  this  case  long-term  annealing 
should  put  the  system  into  the  ground  state  which  means 
complete  transformation  of  the  superconducting  phase.  This 
is  in  agreement  with  the  observation  of  vanishing  supercon¬ 
ductivity  in  as-melted  YPd5B3C0  35  after  annealing. 1,3,4  When 
RQ,  the  time-scale  is  too  short  for  transformations  so  the 
originally  formed  metastable  phase  is  retained. 

The  XRD-spectra  for  melt-spun  ribbon  and  splat- 
quenched  samples  before  and  after  annealing  at  900  °C  are 
shown  in  Fig.  2.  The  main  feature  of  the  spectra  for  the  RQ 
samples  are  peaks  at  positions  characteristic  for  a  fee  lattice. 
The  fee  line  spectrum  (a=  4.15  A)  is  also  shown.  The  spectra 
for  the  nonsuperconducting  material  after  annealing  above 


20  (degrees) 


FIG.  2.  XRD  spectra  for  as-Q  ribbons  and  splat-Q  samples  before  and  after 
annealing  at  900  °C.  Background  contribution  from  the  sample  holder  has 
been  subtracted.  For  clarity  the  curves  are  offset.  Also  inserted  is  the  line 
spectrum  for  a  fee  lattice  (tz  =4.15  A). 


FIG.  3.  (a)  Zero-field  cooled  response  in  10  G  field  of  RQ  YPd2B2C  prior  to 
and  after  each  annealing,  (b)  The  same  data  but  now  normalized  with  re¬ 
spect  to  its  value  at  5  K. 


900  °C  are  quite  different.  This  transformation  has  been  stud¬ 
ied  by  a  step-by-step  annealing  sequence. 

B.  Thermal  stability  of  the  metastable  phase  in  rapid 
quenched  YPd2B2C 

As-melted  YPd2B2C-  and  YPd3B3C-ingots  are  not  super¬ 
conducting.  However,  on  RQ  large  fractions  of  the  supercon¬ 
ducting  phase  are  found.  Therefore,  we  have  investigated  the 
anticipated  decay  of  this  metastable  phase  upon  annealing  by 
monitoring  the  relevant  intensities  in  the  XRD-spectra  and 
quantify  the  changes  of  superconductivity.  This  is  done  by 
annealing  an  originally  superconducting  sample  at  increas¬ 
ingly  higher  temperatures  (T^^OO,  500,  600,  700,  750, 
800,  850,  900,  950,  and  1000  °C)  and  after  each  stage  take 
an  XRD  pattern  and  measure  the  magnetic  properties  of  the 
superconducting  state.  To  quantify  the  decrease  of  intensity 
of  the  peaks  in  the  original  spectrum,  the  peaks  were  inte¬ 
grated  and  normalized  with  respect  to  their  original  values 
as-Q  yielding  XRD  integral  intensity  as  a  function  of  anneal¬ 
ing  temperature: 

/(Tj//(as-Q).  (1) 

The  first  three  peaks  were  measured,  and  the  20  intervals 
integrated  were  36.7°-38.1°,  43.1°-44.3°,  and  61.2°-64.4°. 
We  deduce  the  loss  of  superconducting  fraction  upon  anneal¬ 
ing  from  the  magnetization  in  10  G  field  in  zero-field  cooled 
state.  The  full  set  of  zero-field  cooled  curves  is  presented  in 
Fig.  3(a).  Above  Tan=750  °C,  the  superconducting  fraction 
begins  to  decrease  and  totally  disappears  on  annealing  at 
Tan=900°C.  When  the  magnetization  data  for  samples  an¬ 
nealed  up  to  850  °C  is  normalized  with  respect  to  the  value 
at  T=5  K  they  essentially  collapse  into  a  universal  curve, 
Fig.  3(b),  indicating  that  the  superconducting  phase  has  the 
same  Tc  during  the  various  annealing  states. 

To  quantify  the  decrease  of  superconducting  fraction  as  a 
function  of  annealing  temperature,  we  normalize  the  moment 
at  5  K  after  each  annealing  with  respect  to  the  as-Q  value 

c(7J  =  M(ran)/M(as-Q)  at  5  K.  (2) 

In  Fig.  4  we  plot  XRD  integral  intensities  and  supercon¬ 
ducting  fraction  versus  annealing  temperature.  The  close  cor- 
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FIG.  4.  XRD  integral  intensities  1(T^II{< as-Q),  and  superconducting  frac¬ 
tion  c(T^}  vs  annealing  temperature  for  RQ  YPd2B2C. 

respondence  between  the  two  quantities  implies  that  the 
phase  responsible  for  these  fcc-peaks  corresponds  to  the  su¬ 
perconducting  phase  in  this  system. 

There  are  two  reports  on  superconductivity  and  structure 
determination  in  Pd-based  borocarbides.3’4  From  Fig.  5,  the 
XRD-spectra  for  our  three  RQ  superconducting  Pd-based 
samples,  we  cannot  identify  the  tetragonal  1221-phase  sug¬ 
gested  in  Refs.  3  and  4  neither  in  YPd2B2C  nor  in  the  other 
compositions.  Moreover,  we  observe  that  the  YPd2B2C  com¬ 
position  has  the  simplest  XRD-pattem  which  suggests  that 
this  composition  is  closest  to  the  stoichiometry  of  the  fcc- 
like  phase.  However,  when  we  try  to  deduce  the  existence  of 
this  fcc-phase  in  the  other  two  XRD-pattems,  we  are  unable 
to  identify  this  phase  except  for  the  (lll)-peak. 

Thus,  while  our  study  is  consistent  with  Refs.  3  and  4,  in 
that  superconductivity  in  Pd-based  borocarbides  is  meta¬ 
stable  and  found  in  the  composition  regime  close  to 
YPd2B2C,  our  XRD  analysis  appears  to  contradict  the  sug¬ 
gestions  of  a  tetragonal  structure.  We  cannot  find  this  struc¬ 
ture  in  any  of  our  samples. 

IV.  CONCLUSIONS 

We  show  that  superconductivity  in  rapid  quenched 
YPd2B2C  is  related  to  a  metastable  phase  which  closely  cor¬ 
relates  with  an  XRD  pattern  which  is  characteristic  for  a 
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FIG.  5.  XRD  spectra  for  the  three  RQ  superconducting  compositions.  The 
spectra  are  offset  for  clarity.  Also  inserted  are  the  linespectra  for  a  fee  lattice 
(a  =4.15  A)  and  the  tetragonal  structure  from  Refs.  3  and  4  (a  =3.71  A, 

c  =  10.81  A). 

fcc-structure  with  a  lattice  parameter  of  a  =4.15  A.  The  com¬ 
positions  having  the  best  superconducting  properties  are 
found  to  lie  in  the  YPd2B2C  region  of  the  pseudotemary 
phase-diagram. 
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Field  dependence  of  magnetic  transitions  for  magnetic  superconductors 
RNi2B2C  (R=Dy,  Ho) 
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High  field  (up  to  5  T)  magnetization  measurements  were  performed  on  both  bulk  and  field-aligned 
powder  samples  of  RNi2B2C  (R=Dy,  Ho)  magnetic  superconductors.  For  7^  =  3.8  K,  a  DyNi2B2C 
superconductor  with  antiferromagnetic  Neel  temperature  TN  of  10-11  K,  and  anomalous 
field-induced  weak-ferromagnetic  transitions  were  observed  above  the  superconducting  upper 
critical  field  Hc2( 2  K)  of  1.75  kG.  The  aligned  powders  show  distinct  hysteresis  characteristics  for 
both  fields  applied  parallel  and  perpendicular  to  the  tetragonal  basal  plane.  For  Tc  =  7.8  K, 

HoNi2B2C  has  an  incommensurate  magnetic  ordering  temperature  Tm  of  6  K  and  TN  of  5.2  K. 

Anomalous  field-induced  weak-ferromagnetic  transitions  were  also  observed  below  TN.  No 
hysteresis  can  be  detected  for  TN<T<Tm .  ©  1996  American  Institute  of  Physics. 
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The  coexistence  of  antiferromagnetic  ordering  and  su¬ 
perconductivity,  with  Neel  temperature  (TN)  higher  than  su¬ 
perconducting  transition  temperature  ( Tc ),  was  first  observed 
in  the  metastable  ternary  boride  HoIr4B4  and  the  related 
pseudotemary  boride  systems  R(Rh1_;cIrA:)4B4  (R-Ho,  Dy) 
with  composition  factor  x>  0.6. 1-3  For  example,  in  the  par¬ 
tial  Rh-substituted  Ho(Rh0  3Ir0t7)4B4  compound,  Tc  (1.6  K) 
was  below  TN  (2.7  K).2 

Recently,  a  new  magnetic  superconducting  system  was 
reported  in  the  quaternary  borocarbide  RNi2B2C  compounds 
(R=Sc,  Y,  Th,  U,  or  a  rare  earth).4"11  Among  nonmagnetic 
compounds,  LuNi2B2C  exhibits  the  highest  Tc  of  16.6  K,5 
followed  by  15-16  K  for  YNi2B2C  and  metastable 
ScNi2B2C, 4,5,7  8  K  for  ThNi2B2C,  and  no  superconducting 
transition  was  found  down  to  2  K  for  LaNi2B2C.9"n  For 
compounds  containing  magnetic  rare  earth  elements  such  as 
R=Dy,  Ho,  Er,  and  Tm,  lower  Tc  values  were  observed  due 
to  the  magnetic  pair  breaking  effect.5"8  A  nearly  reentrant 
superconductivity  was  observed  for  HoNi2B2C  with  Tc  =  8 
K,  which  is  higher  than  the  TN  of  5.2  K  associated  with 
commensurate  magnetic  structure  and  Tm  of  6  K  due  to  a 
transition  to  an  incommensurate  state.5,8,12"16 

For  a  magnetic  DyNi2B2C  compound,  Tc  of  3.8  K  with 
onset  around  5.2  K  was  observed  below  TN  around  10-11  K, 
which  provides  another  interesting  example  of  the  coexist¬ 
ence  of  superconductivity  and  antiferromagnetism.8,17  The 
low-temperature  electrical  resistivity  shows  no  reentrant  be¬ 
havior  down  to  0.3  K  and  indicates  a  perfect  coexistence 
between  superconductivity  and  antiferromagnetism  below 
TCP  The  observed  TN  around  10-11  K  from  magnetic  mea¬ 
surements  is  associated  with  the  long-range  Dy3+  magnetic 
ordering  through  the  RKKY  indirect  exchange  interaction. 
The  magnetic  transition  can  be  clearly  corroborated  by  low- 
temperature  specific  heat  data  C(T)  where  a  very  distinct 
transition  peak  was  observed  around  10  K.17  The  magnetic 
entropy  Sm  of  10.3  J/mol  K  is  close  to  90%  of  R  In  4  and 
indicates  the  antiferromagnetic  ordering  of  Dy3+  with  a  pos¬ 
sible  quadruplet  ground  state  in  the  tetragonal  crystal  field. 

Magnetic  hysteresis  M(H)  data  at  temperature  belowTc 
for  DyNi2B2C  provide  the  precise  information  on  the  tem¬ 
perature  dependence  of  superconducting  upper  critical  field 


Hc2(T)  and  lower  critical  field  Hcl(T).  The  DyNi2B2C 
samples  were  prepared  using  high-purity  elements  under  an 
argon  atmosphere  in  a  Zr-gettered  arc  furnace.  As  shown  in 
Fig.  1,  the  upper  critical  field  Hc2(T)  of  1.75  kG  at  2  K  and 
750  G  at  3  K  were  determined  from  the  merging  point  of  the 
hysteresis  curve.  Similarly,  Hc2  of  1.25  kG  at  2.5  K,  450  G  at 
3.3  K,  and  100  G  at  3.7  K  were  obtained.  Lower  critical  field 
Hcl(T)  is  defined  as  the  deviation  from  linearity  in  the  initial 
magnetization  in  each  M(H)  curve.  The  values  thus  obtained 
are  100  G  at  2  K  and  30  G  at  3  K.  Similarly,  Hcl  of  50  G  at 
2.5  K  and  10  G  at  3.3  K  were  obtained.  From  the  tempera¬ 
ture  dependence  of  critical  fields,  the  extrapolated  Hc2( 0)  of 
3  kG  and  the  extrapolated  7/cl(0)  of  200  G  are  derived. 
From  7/cl(0)  and  Hc2( 0),  the  Ginzburg-Landau  parameter 
k-3.1  is  evaluated.17  As  a  comparison,  the  k  value  of  3.5 
was  reported  for  HoNi2B2C.16  The  relative  low  Hc2  in  all 
quaternary  borocarbides  implies  a  long  coherence  length  £, 
and  three-dimensional  superconductivity. 

Since  each  M(H)  curve  at  2  or  3  K  has  a  slightly  non¬ 
linear  background  due  to  the  field  dependence  of  antiferro¬ 
magnetic  order  with  T^(Dy)  of  10-11  K,  high  field  M(H) 
isotherm  data  up  to  5  T  were  measured  for  bulk  sample  at  2 
K  to  understand  the  normal  state  magnetism  and  possible 
field-induced  magnetic  transitions.  As  shown  in  Fig.  2,  above 


H  (G) 


FIG.  1.  Intermediate  field  (up  to  ±2  kG)  magnetic  hysteresis  curves  M(H) 
at  2  and  3  K  for  DyNi2B2C  bulk  sample.  Upper  critical  field  Hc2  and  lower 
critical  field  HcX  are  indicated  by  arrows. 
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FIG.  2.  High  field  (up  to  5  T)  magnetic  hysteresis  curve  M(H)  at  2  K <TN 
for  a  DyNi2B2C  bulk  sample. 

Hc2( 2  K)  of  1.75  kG  where  the  sample  is  no  longer  super¬ 
conducting,  two  distinct  weak-ferromagnetic-like  hysteresis 
curves  were  observed  indicating  two  possible  field-induced 
magnetic  transitions  at  5  kG  and  at  1.2  T,  respectively.  The 
hysteresis  characteristics  persist  up  to  a  maximum  applied 
field  of  5  T  where  a  saturated  magnetic  moment  of  8.3  fxB 
per  Dy  is  achieved,  very  close  to  the  calculated  free  ion  Dy3+ 
gjJ=  10  fiB  magnetic  moment. 

The  anisotropy  of  these  magnetic  transitions  with  field 
applied  parallel  and  perpendicular  to  the  tetragonal  basal 
plane  is  studied  by  using  aligned  DyNi2B2C  powder  at  2  K 
as  shown  in  Fig.  3.  Farrell’s  method  was  employed  for  the 
powder  alignment.  Powders  were  first  obtained  by  grinding 
the  bulk  sample  into  fine  microcrystalline  grains  with  aver¬ 
age  size  1-10  /xm,  then  mixed  with  SPAR-5-min  epoxy/ 
hardener  in  a  8  mm  quartz  holder,  with  a  typical  powder- 
epoxy  ratio  of  1:7,  and  then  aligned  in  a  9.4  T  magnetic  field 
at  room  temperature.  Because  of  the  intrinsic  normal-state 
magnetic  anisotropy,  the  degree  of  easy  tetragonal  basal 
plane  alignment  is  close  to  90%.  Slightly  higher  TN  around 
13  K  was  observed  from  magnetic  measurement  for  aligned 
powder.  Below  TN ,  for  field  H  perpendicular  to  the  easy 
basal  plane,  initial  magnetization  curve  increases  slowly  to 
magnetic  moment  0.5  emu  at  1.7  T,  then  increases  sharply  to 
2.7  emu  at  1.8  T,  and  then  saturates  to  3.0  emu  at  5  T.  Broad 


FIG.  3.  Anistropic  high  field  (up  to  5  T)  magnetic  hysteresis  curve  M{H)  at 
2  K  for  DyNi2B2C  aligned  powder,  with  field  parallel  and  perpendicular  to 
the  tetragonal  basal  plane. 


FIG.  4.  High  field  (up  to  3  T)  magnetic  hysteresis  curve  M(H)  at  2 
K<71iV(5.2  K)  for  a  bulk  HoNi2B2C  sample. 

hysteresis  behavior  occurs  only  below  1.8  T  with  two  distinct 
magnetic  transitions  at  5  kG  and  1.2  T  as  observed  in  bulk 
samples.  For  field  parallel  to  the  basal  plane,  initial  magne¬ 
tization  increases  sharply  above  8  kG  with  fairly  broad  low 
field  and  very  narrow  high  field  hysteresis  features.  The  same 
magnetic  transition  fields  were  observed.  The  preliminary 
M{H)  data  at  other  temperatures  below  TN{Dy)  indicate  that 
there  are  weak  temperature  dependencies  associated  with 
these  transitions. 

For  a  nearly  reentrant  HoNi2B2C  superconductor  with  a 
Tc  of  8  K,  a  Tn  of  5.2  K,  a  Tm  of  6  K,  and  a  complex  Hc2(T) 
upper  critical  field  curve,16  a  coexistence  between  supercon¬ 
ductivity  and  antiferromagnetism  will  prevail  only  below  5.2 
K.  Magnetism  above  Hc2(T)  will  create  a  very  complex 
phase  diagram.  As  shown  in  Fig.  4,  the  magnetization  mea¬ 
surement  M(H)  of  bulk  sample  at  2  K  with  field  higher  than 
Hc2( 2  K)  of  3  kG  shows  similar  field-induced  magnetic  tran¬ 
sitions  around  4  and  8.5  kG,  respectively.16  A  saturated  mag¬ 
netic  moment  of  7.8  (xB  per  Ho  is  achieved  at  3  T  field  and 
is  very  close  to  the  calculated  free  ion  Ho3+  gjJ=  10  fiB 
magnetic  moment.  At  higher  temperature  of  4.6  K  which  is 
close  to  Tn  and  with  a  low  Hc2( 4.6  K)  of  500  G,  these 
field-induced  transitions  decrease  to  around  3  and  6  kG,  re¬ 
spectively.  For  Tn=52  K  with  a  minimum,  nearly  reen¬ 
trant  Hc2( 5.2  K)  of  400  G,16  field-induced  transitions  de¬ 
crease  further  to  around  1  and  3  kG,  respectively.  Above  TN 


FIG.  5.  High  field  (up  to  3  T)  magnetic  hysteresis  curve  M(H )  at  5.7 
K<rm(6  K)  for  a  bulk  HoNi2B2C  sample. 
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at  5.7  K  but  is  still  lower  than  Tm~6  K  as  shown  in  Fig.  5, 
no  hysteresis  or  a  very  small  effect  can  be  detected  above 
Hc2( 5.7  K)  of  1  kG  due  to  the  intrinsic,  complex  incommen¬ 
surate  magnetic  structure. 

In  conclusion,  field-induced  weak-ferromagnetic  transi¬ 
tions  were  observed  only  at  a  temperature  below  the  antifer¬ 
romagnetic  ordering  temperature  T N  for  both  DyNi2B2C  and 
HoNi2B2C  magnetic  superconductors.  No  hysteresis  can  be 
detected  for  HoNi2B2C  at  temperature  below  the  higher  in¬ 
commensurate  ordering  temperature  Tm. 

This  work  was  supported  by  the  National  Science  Coun¬ 
cil  of  Republic  of  China  under  Contract  NSC85-2112-M007- 
043  and  -044PH. 
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Systematic  variation  of  TN{ Pr)  for  the  two-Cu02-layer  cuprate  m212 
(m=1 , 2,  3)  systems 

H.  C.  Ku,  C.  L.  Yang,  C.  H.  Chou,  Y.  Y.  Hsu,  Y.  B.  You,  and  J.  H.  Shieh 

Department  of  Physics,  National  Tsing  Hua  University,  Hsinchu,  Taiwan  300,  Republic  of  China 

The  systematic  variation  of  anomalous  Pr  antiferromagnetic  ordering  temperature  TN( Pr)  for  the 
two-Cu02-layer  cuprate  system  MA2PrCu2Oy  (M=Cu,  Hg,  Tl,  Pb;  A=Ba,  Sr)  was  verified  through 
the  observation  of  a  new  Hg-1212  HgSr2PrCu206+5  tetragonal  compound  with  a  TN{ Pr)  of  6  K  and 
a  Pr — O  bond  length  of  2.492  A  between  Pr  and  oxygen  in  the  adjacent  Cu02  layers.  For  the 
tetragonal/orthorhombic  1212  compounds  including  the  PrBa2Cu307_y  system,  TN(Pr)  was  found  to 
decrease  monotonically  with  increasing  Pr — O  distance.  The  importance  of  Pr-O-Pr  superexchange 
magnetic  coupling  is  expected  for  all  two-Cu02-layer  MmA2PrCu2Oy  ra212-type  (m  —  1 ,  2,  3) 
compounds.  A  similar  Pr  anomaly  in  the  2212-type  system  was  first  observed  on  the  new  tetragonal 
(Pb0  5Cu0  5)2(Ba0  5Sr0  5)2PrCu208  compound  with  a  high  T N(Pr)  of  9  K.  ©  1996  American  Institute 
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The  orthorhombic  PrBa2Cu307  compound  with  an 
anomalously  high  Pr  antiferromagnetic  ordering  temperature 
Tn(Pt)  of  17  K  is  the  only  non  superconducting  member  of 
the  RBa2Cu307  system  (R=Y  or  a  rare  earth).1-6  With  fur¬ 
ther  oxygen  deficiency,  TN  decreases  to  10  K  in  tetragonal 
PrBa2Cu306 .5,?  In  comparison,  other  magnetic  rare  earth 
compounds  have  a  maximum  TN( R)  of  2.2  K  in 
GdBa2Cu307.8>9  Since  Pr  is  one  of  the  lightest  elements  of 
rare-earth  series,  its  4/  wave  function  is  more  extended  and 
the  anomalously  high  T N  observed  indicates  the  importance 
of  the  quasi-two-dimensional  (quasi-2D)  Pr-O-Pr  superex¬ 
change  magnetic  coupling  through  the  strong  hybridization 
between  the  Pr  4/  and  the  eight  0  2 p^  orbitals  in  the  adja¬ 
cent  two-Cu02  layers.6 

From  the  structural  viewpoint,  the  123- type 
PrBa2Cu307_y  system  can  be  recategorized  as  either  the  Cu- 
1212C-type  (C  stands  for  chain)  for  orthorhombic 
[Cu]Ba2PrCu207  (space  group  Pmmm)  or  Cu-1212 
TlBa2CaCu207_<5-type  for  tetragonal  [Cu]Ba2PrCu206  (space 
group  P4lmmm ),10  analogous  to  other  two-Cu02-layer  Pr 
compounds  in  the  Tl-1212  Tl(Ba,Sr)2PrCu207_^  system11-15 
and  (Pb,Cu)-1212  (Pb,Cu)Sr2PrCu207„^.13  They  also  exhibit 
the  common  feature  of  having  anomalous  high  TN( Pr)  values 
ranging  from  4  to  8  K.  The  12  K  tetragonal  PrBa2Cu2Nb08 
or  [Nb]Ba2PrCu208  compound  can  also  be  recategorized  as 
the  Nb-1212  TlBa2CaCu207_^type  compound.16 

Recently,  a  new  Hg-1212  compound  HgSr2PrCu206+<5 
with  the  tetragonal  HgBa2CaCu206+<rtype  structure  was  re¬ 
ported  where  the  mercury  sample  was  prepared  by  two-stage 
solid-state  reaction  techniques  where  the  precursor 
Sr2PrCu2Oy  powders  were  mixed  with  HgO  powder,  pressed 
into  pellets,  sealed  in  a  2  mm  wall  quartz  tube  in  vacuum, 
and  reacted  at  1000  °C  in  vacuum  for  8  h  then  quenched  in 
liquid  nitrogen.17  A  similar  Pr  anomaly  is  expected  for  this 
new  compound.  As  shown  in  Fig.  1,  a  TN(Pv)  value  of  6  K 
was  identified  from  the  minimum  in  the  temperature  deriva¬ 
tive  of  the  molar  magnetic  susceptibility  dxJdT  in  1  T  ap¬ 
plied  magnetic  field.  At  higher  temperatures,  the  temperature 
dependence  of  the  magnetic  susceptibilities  indicates  a  mag¬ 
netic  Cu2+  ordering  near  300  K  or  above.  A  simple  Curie- 
Weiss  fit  *m=C*/(r+^)  below  200  K  gives  an 


antiferromagnetic-like,  negative  paramagnetic  intercept 
0  =  — 13  K  and  an  effective  magnetic  moment  of  3.31  fiB 
per  Pr  from  the  Curie  constant  C*  if  the  small  Cu2+  moment 
is  neglected.17  As  in  many  other  Pr  cuprates,  this  effective 
moment  is  closer  to  that  of  the  free  Pr3+  ion  (3.58  fiB)  rather 
than  the  Pr4+  ion  (2.54  fiB).  Indeed,  most  experimental  re¬ 
sults  on  such  compounds  imply  a  Pr3+  state.  The  Pr  magnetic 
transition  of  HgSr2PrCu206+<5is  clearly  corroborated  by  low- 
temperature  specific  heat  data  C(T)  which  show  a  distinct 
but  broad  magnetic  transition  prevails  at  T^(Pr)=6  K  and  a 
very  high  onset  around  11  K.16  The  broad  transition  indicates 
that  a  truly  three-dimensional  (3D)  or  quasi-2D  long-range 
magnetic  ordering  set  in  at  T^(Pr)=6  K,  while  the  2D  order¬ 
ing  effect  persists  up  to  the  onset  near  1 1  K. 

The  high  T^(Pr)  observed  in  HgSr2PrCu206+<5  again  in¬ 
dicates  the  importance  of  the  quasi-2D  Pr-O-Pr  superex¬ 
change  magnetic  coupling  through  the  strong  hybridization 
between  the  Pr  4/  and  the  eight  O  2/?,,.  orbitals  in  the  adja¬ 
cent  Cu02  layers.  This  degree  of  hybridization  can  be  readily 
reflected  in  the  Pr — O  bond  length,  which  can  be  accurately 
derived  from  the  Rietveld  analysis.  X-ray  Rietveld  refine¬ 
ment  on  powder  samples  of  tetragonal  HgSr2PrCu206+^  (a 
“3.8532  A  and  c=  12.1199  A)  gives  a  refined  bond  length 
d( Pr — O)  between  Pr  and  0(1)  in  the  adjacent  two-Cu02 
layers  of  2.492  A  and  the  0(1) — Pr— 0(1)  bond  angle  is 


FIG.  1.  Low-temperature  differential  molar  magnetic  susceptibility  dxJdT 
for  a  Hg-1212  HgSr2PrCu206+  s  compound  revealing  a  rw(Pr)=6  K. 


5866  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)75866/3/$  1 0.00 


©  1996  American  Institute  of  Physics 


20 


15 

£  10 

z 
I — 

5 


0 

2.44  2.46  2.48  2.50  2.52  2.54 

d(Pr-O)  (A) 

FIG.  2.  2>(Pr)  vs  Pr — O  distance  in  various  M(Ba,Sr)2PrCu20^  (M=Cu, 
Hg,  Tl,  Pb)  1212-type  compounds.  The  dashed  line  is  a  guide  to  the  eyes 
only. 
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101. 3°. 17  The  d(  Pr— O)  for  HgSr^PrCuA^,  with 
TiV(Pr)=6  K,  is  shorter  than  2.514  A  for  Tl-1212(Sr) 
TlSr2PrCu207_^  with  TN=4  K  or  2.499  A  for  (Pb,Cu)-1212 
(Pb06Cu04)Sr2PrCu2O7_^  with  7^=  5.6  K,  but  is  longer  than 
2.478  A  for  Tl-1212(Ba)  TIB a2PrCu207_^  with  TN~  8  K.13’14 
This  regularity  forces  us  to  study  the  systematic  variation  of 
TN(Pr)  for  all  reported  M(Ba,Sr)2PrCu20>,  (M=Cu,  Hg,  Tl, 
Pb)  1212-type  compounds  as  a  function  of  the  Pr — O  bond 
length  as  shown  in  Fig.  2.  Note  that  for  the  orthorhombic 
Tn(Px)= 17  K  1237(Ba)  PrBa2Cu307  (Cu-1212C),  instead  of 
a  single  Pr — O  bond  length,  there  are  two  Pr — O  bond 
lengths  of  2.443  and  2.460  A,  respectively.  For  the  oxygen- 
depleted  tetragonal  1236(Ba)  PrBa2Cu306  (Cu-1212)  com¬ 
pound,  a  single  long  Pr — O  bond  length  of  2.472  A  with 
lower  T^(Pr)  of  10  K  was  observed.7  Clearly,  T^Pr)  de¬ 
creases  monotonically  with  increasing  Pr — O  bond  length 
which  reflects  the  degree  of  Pr  4/-0  2p  ^  orbital  hybridiza¬ 
tion  or  the  strength  of  Pr-O-Pr  superexchange  coupling. 
Meanwhile,  an  effective  coupling  occurs  between  Cu  and  Pr 
moments  through  oxygen  2pJ2p(T  as  revealed  by  prelimi¬ 
nary  neutron  and  nuclear  magnetic  resonance  studies  on  Tl- 
1212  Tl(Ba,Sr)2PrCu207_£  system.17  This  competition 
should  be  taken  into  account  before  a  final  conclusion  can  be 
reached. 

Various  types  of  experiments  have  been  performed  to 
substantiate  these  anomalous  Pr  phenomena  in  the  123  or 
1212  system  to  clarify  the  mechanism  of  magnetic  order 
and/or  superconductivity  suppression,  but  a  clear  picture  is 
still  elusive.  Obviously,  additional  information  from  more 
diverse  systems  would  be  extremely  helpful  toward  delineat¬ 
ing  the  various  factors  which  may  play  crucial  roles  in  this 
regard.  Since  in  the  high  Tc  cuprate  systems,  a  total  replace¬ 
ment  of  Ca  by  Pr  between  the  Cu02  layers  can  be  achieved 
only  in  the  tetragonal/orthorhombic  two-Cu02-layer 
M^^PrCu^  ra212-type  structures  (m=  1,  2,  3;  M=Cu, 
Hg,  Tl,  Pb  and  A=Ba,  Sr),  where  the  schematic  structure 
comparison  is  shown  in  Fig.  3.  Questions  arise  naturally 
whether  the  anomalous  Pr  effect  occurs  in  2212 
M2A2PrCu2Oy  or  3212  M3A2PrCu2Oy  compounds.  Only  one 
3212-type  compound  with  a  T^Pr)  of  6-14  K  was  reported 


o 


MA2PrCu20y 


M3A2PrCu20y 


FIG.  3.  Crystal  structures  of  Mm A2PrCu20>,  m212  {m  =  1, 2,  3;  M=Cu,  Hg, 
Tl,  Pb;  A=Ba,  Sr)  systems. 


so  far  in  the  orthorhombic  (Pb,Cu)-3212 
(Pb2Cu)Ba2_JCSrJCPrCu208  system  (O^x^l),  or  commonly 
known  as  the  2213-type  Pb2Ba2_JCSrx:PrCu308  system.18  For 
the  2212-type  compounds,  no  Pr  ordering  was  observed 
down  to  1.6  K  for  the  orthorhombic  Bi-2212  compound 
Bi2Sr2PrCu2Og.19  However,  via  proper  substitution,  we  are 
able  to  observe  the  first  Pr  anomaly  in  the  tetragonal 
(Pb,Cu)-2212  (Pb0  5Cu0  5)2(Ba0  5Sr0  5)2PrCu2O8  compound  (a 
=  3.878  A  and  c  =  27.594  A).  The  sample  was  prepared  by 
two-stage  solid-state  reaction  techniques  where  the  precursor 
BaSrPrCu3Ov  powders  were  mixed  with  PbO  powder  and 
heated  at  730  °C  for  1  day  and  then  pressed  into  pellets  and 
sintered  at  825-830  °C  in  flowing  Ar  for  3  days,  then 
quenched  in  liquid  nitrogen.19  A  fairly  high  T^Pr)  value  of  9 
K  was  identified  from  the  minimum  in  the  temperature  de¬ 
rivative  of  the  molar  magnetic  susceptibility  d\JdT  as 
shown  in  Fig.  4.  In  comparison,  the  isostructural  compound 
(Pb0  5Cu0  5)2(Ba0  5Sr0  5)2GdCu2O8  exhibits  a  lower  T^(Gd)  of 
only  2.2  K.19  The  magnetic  transition  can  also  be  corrobo¬ 
rated  by  low-temperature  specific  heat  data  C(T)  which 
show  a  distinct  magnetic  transition  at  7Ar(Pr)=9  K  with  onset 
around  11  K.19  The  temperature  dependence  of  the  magnetic 
susceptibilities  below  200  K  indicates  a  simple  Curie- Weiss 
fit  Afm=C*/(r+0p  which  yields  a  negative  paramagnetic 
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FIG.  4.  Low-temperature  differential  molar  magnetic  susceptibility  dxJdT 
for  (Pb,Cu)-2212  (Pb05Cu05)2(Ba05Sr05)2PrCu2O8  compound  revealing  a 
r„(Pr)=9  K. 
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intercept  6p-  - 10  K  and  an  effective  magnetic  moment  of 
3.22  /jlb  per  Pr.19  The  effective  moment  again  is  closer  to  that 
of  the  free  Pr3+  ion.  The  magnetic  entropy  Sm  associated 
with  the  Pr  ordering  has  a  lower  limit,  —20%  of  R  In  3  ex¬ 
pected  for  Pr3+  with  a  quasi-triplet  ground  state.  Accord¬ 
ingly,  it  seems  reasonably  to  categorize  the  Pr  ordering  in 
this  (Pb,Cu)-2212  compound  as  a  three-dimensional-like  or¬ 
dering  process.  Confirmation  requires  detailed  neutron  dif¬ 
fraction  studies. 

The  current  results  of  anomalous  Pr  ordering  on  the  new 
Hg-1212  compound  HgSr2PrCu206+<5  and  (Pb,Cu)-2212 
compound  (Pb0>5Cu0  5)2(Ba0  5Sr0.5)2PrCu2O8 ,  along  with  ear¬ 
lier  reports  on  other  1212-  and  3212-type  compounds,  com¬ 
plete  the  demonstration  of  systematic  of  anomalous  Pr  order¬ 
ing  in  all  two-Cu02-layer  M^A^rCi^O^  m2 12  (m=  1, 2,  3) 
systems.  Anomalously  high  Tn(?t)  observed  for  all  com¬ 
pounds  indicates  the  importance  of  the  quasi-2D  Pr-O-Pr  su¬ 
perexchange  magnetic  coupling  mechanism  through  the 
strong  hybridization  between  the  Pr  4/  and  the  eight  0  2 
orbitals  in  the  adjacent  two-Cu02  layers. 
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Magnetic  structure  and  ordering  of  Nd  ions  in  Ga  substituted  NdBa2Cu307 
(abstract) 
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Magnetic  ordering  of  Nd3+  ion  changes  with  oxygen  concentration  in  NdBa2Cu307_.r1  In  the 
oxygen-rich  sample  NdBa2Cu3069,  Nd3+  ion  orders  antiferromagnetically  with  2D-Ising  type  of 
ordering.  Whereas,  in  the  oxygen  reduced  compound  NdBa2Cu3062  Nd  ion  orders  three 
dimensionally  at  1.73  K.  Similar  effects  has  been  observed  by  specific  heat  measurements 
performed  on  NdBa2Cu3_  vGa;>,07  (0<y<0.5).2  In  these  samples,  a  small  amount  of  Ga  substitution 
changes  the  magnetic  ordering  of  Nd  ions  from  2D  Ising  (v =0)  to  ID  or  magnetic  clusters  (y  =0.01, 

0.03).  With  higher  Ga  substitution,  the  third  magnetic  ordering  is  restored.2  The  magnetic  ordering 
seen  in  N  d  B  a2  C  u  3  _.v  G  av  07  (y  =0.5)  is  more  isotropic  in  nature  compared  to  NdBa2Cu3062.  The 
critical  exponent  derived  from  the  specific  data  show  a  3D  spherical  type  of  ordering.  Magnetic 
neutron  diffraction  are  performed  at  low  and  high  temperatures  for  y= 0.5  to  deduce  the  magnetic 
structure,  which  are  compared  with  the  unsubstituted  compounds  and  to  verify  the  isotropic  nature. 

The  second-order  CEF  parameter  A2  decreases  for  NdBa2Cu3_;yGa2,07  (y — 0.5)  which  in  turn 
reduces  the  magnetic  anisotropy  constant,3  consistent  with  magnetic  specific  heat  results.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)80908-0] 
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Influence  of  the  crystalline  electric  field  on  the  magnetic  properties 
of  Ga-doped  NdBa2Cu3Ox  (abstract) 

P.  Allenspach 
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Crystal  electric  field  (CEF)  effects  are  of  essential  importance  for  the  magnetic  properties  of 
rare-earth  ions.  For  NdBa2Cu3Ox  the  variation  of  the  CEF  due  to  a  reduction  of  oxygen  directly 
influences  the  character  of  the  magnetic  ordering1  and  partially  explains  the  peculiar  magnetic 
behavior  of  this  system:2  Oxygen  reduction  transforms  the  2D-Ising  system  just  below  x~6.9  into 
a  (short-range)  2D-Heisenberg  system  due  to  a  reduction  of  the  single-ion  anisotropy.  Since, 
magnetic  specific  heat  data  for  Ga-doped  NdBa2Cu30;t3  resemble  very  much  the  oxygen  reduced 
data,  neutron  CEF  spectroscopy  of  Nd3+  in  NdBa2(Cu3_yGay)Ox  was  performed  to  deduce  the 
behavior  of  the  single-ion  anisotropy.  These  neutron  data  in  conjunction  with  paramagnetic 
susceptibility  and  specific  heat  data4  confirm  the  strong  influence  of  the  CEF  on  the  magnetic 
ordering  of  the  Nd  ions.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)8 1008-5] 
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Synthesis  and  superconductivity  of  intermetallic  compounds  Y2NixB8_xC2, 
YNixCu2_xB2C,  and  YNixCu2_xSi2C 
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Borocarbide  and  silicocarbide  intermetallic  Y2NixB8_xC2  (x=l,  2,  3,  5),  YNiCuB2C,  and 
YNixCu2_xSi2C  (x  =  0,  2)  were  prepared  and  their  superconductivity  was  studied.  The  results 
indicated  that  with  the  change  of  the  ratio  of  Ni  to  B  in  Y2NiJCB8_JCC2,  secondary  phases  were 
introduced  into  YNi2B2C  phase.  A  Tc  of  15.0  K  was  observed  for  the  compounds  x=2,  3,  and  5, 
which  originated  from  the  major  phase  YNi2B2C  in  these  samples.  Partial  substitution  of  Ni  by  Cu 
reduced  the  Tc  to  11.0  K  for  YNiCuB2C.  For  Si  substitution  system,  no  bulk  superconductivity  was 
found  in  YNi2Si2C  and  YCu2Si2C.  But  a  minor  superconducting  phase  (Tc~ 4  K)  with  a  volume 
fraction  of  the  order  of  near  1%  was  observed  in  them.  It  was  noticed  that  for  the 
temperature-dependent  magnetization  of  superconducting  compounds  containing  Ni,  a  significant 
difference  between  zero-field  cooling  and  field  cooling  curves  before  Tc  was  always  observed, 
which  was  tentatively  attributed  to  Ni-containing  impurity.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)02308-7] 


I.  INTRODUCTION 

Superconductivity  has  been  discovered  recently  in  boro¬ 
carbide  intermetallic  YNi2B2C  with  Tc=  15.6  K.1  Like 
LuNi2B2C,  YNi2B2C  displays  a  tetragonal  body-centered 
layerlike  structure  with  a  I4/mmm  symmetry.1,2  It  may  be 
viewed  as  alternate  stackings  of  the  NaCl-type  (YC)  and  the 
inverse  PbO-type  (Ni2B2)  layers.  In  the  Ni2B2  layers,  a  Ni 
atom  is  tetrahedrally  coordinated  by  four  boron  atoms.  It  is 
interesting  to  inspect  the  possibility  of  increasing  Tc  in  this 
system  through  substitution  of  Ni  and  B  by  other  elements 
such  as  Cu  and  Si  and  through  changing  the  ratio  of  Ni  and 
B.  In  this  work,  borocarbide  and  silicocarbide  intermetallic 
Y2NixB8„xC2  (*=1,  2,  3,  5),  YNiCuB2C,  and 

YNixCu2„xSi2C  (x  =  0,  2)  have  been  prepared  and  their  su¬ 
perconductivity  is  studied. 

II.  EXPERIMENT 

Samples  were  prepared  by  the  arc-melt  technique.  The 
starting  materials  were  Y  (Aldrich,  99.9%),  Ni  (Aldrich, 
99.95%),  Cu  (Aldrich,  99.99%),  B  (99.999%),  C  (99.9%), 
and  Si  (99.9%).  Stoichiometric  amounts  of  the  starting  ma¬ 
terials  were  melted  under  argon  atmosphere  on  a  standard 
water-cooled  copper  hearth  at  least  four  times,  with  the 
melted  button  turned  over  between  melts  in  order  to  ensure 
homogeneity.  The  overall  loss  in  weight  of  the  samples  dur¬ 
ing  arc  melting  was  less  1%. 

The  magnetic  susceptibility  was  measured  by  a  SQUID 
magnetometer  (Quantum  Design).  The  resistance  was  deter¬ 
mined  by  the  standard  four-lead  method.  The  x-ray  diffrac¬ 
tion  patterns  of  samples  were  obtained  on  a  SCINTAG  pow¬ 
der  diffractometer  using  Cu  Ka  radiation. 

III.  RESULTS  AND  DISCUSSION 

For  Y2NixB8_xC2  (x  =  1,  2,  3,  5)  system,  their  x-ray  dif¬ 
fraction  patterns  indicated  that  all  samples  were  multiphased. 
Except  for  the  sample  with  x  =  1 ,  all  other  three  samples 


showed  major  diffraction  patterns  characteristic  of  YNi2B2C. 
Figure  1(a)  shows  the  normalized  x-ray  diffraction  patterns 
of  Y2Ni3B5C2 .  One  can  see  that  the  main  peaks  can  be  at¬ 
tributed  to  the  YNi2B2C  phase  with  lattice  parameters 
a- 3.53  A  and  c-  10.57  A,  agreeing  with  the  data  in  Ref.  1. 
For  Y2Ni2B6C2  (YNiB3C)  and  Y2Ni5B3C2  samples,  their  ma¬ 
jor  diffraction  patterns  can  also  been  indexed  with  the 
YNi2B2C  of  the  same  lattice  parameters.  For  the  sample 


10  20  30  40  50  60  70 


26 


FIG.  1.  The  x-ray  diffraction  patterns  of  Y2Ni3B5C2,  YNi2Si2C,  and 
YCu2Si2C. 
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FIG.  2.  Temperature-dependent  magnetization  (applied  field  H=  10  G)  for 
Y2Ni3B5C2.  The  left  inset,  expended  view  showing  the  magnetization  before 
Tc .  The  right  inset  shows  the  resistance  for  this  sample. 


FIG.  3.  Temperature-dependent  magnetization  (H= 20  G)  for  YNiCuB2C, 
showing  the  superconducting  transition.  The  data  were  obtained  during 
warming  after  zero-field  cooling. 


Y2NiB7C2,  no  YNi2B2C  phase  was  observed.  The  analysis  of 
the  secondary  phases  in  these  samples  has  been  proven  to  be 
a  difficult  task  and  will  be  discussed  elsewhere.  The  above 
results  were  consistent  with  those  of  Buchgeister  et  al ?  and 
Chakoumakos  and  Paranthaman  4  who  reported  that  excess 
amounts  of  both  Ni  and  B  introduced  secondary  phases  into 
the  samples.  These  results  also  confirmed  that  defects  such  as 
planar  defects  or  intergrowths  were  hard  to  exist  in  the 
YNi2B2C  structure.2 

The  x-ray  diffraction  pattern  of  Cu-substituted 
YNiCuB2C  consisted  of  a  major  pattern  with  tetragonal 
structure  with  lattice  parameters  a  =  3.54  A  and  c=  10.63  A 
and  some  additional  peaks  which  could  not  be  identified. 
Gangopadhyay  et  al5  found  that  there  was  limited  solubility 
in  YNi2B2C  for  Cu  and  that  with  increasing  the  doping  level 
of  Cu,  the  impurity  peaks  grew  stronger.  Our  data  agreed 
with  their  results. 

Silicocarbides  YNi2Si2C  and  YCu2Si2C  were  prepared  as 
shown  in  Figs.  1(b)  and  1(c).  In  Fig.  1(b),  most  of  the  dif¬ 
fraction  peaks  can  be  indexed  to  the  YNi2B2C-type  structure 
with  lattice  parameters  a  =  3.94  A  and  c  =  9.55  A.  This  sug¬ 
gests  that  a  new  silicocarbide  intermetallic  YNi2Si2C  com¬ 
pound  with  YNi2B2C-type  structure  was  formed.  For 
YCu2Si2C,  the  diffraction  pattern  [Fig.  1(c)]  showed  that  this 
sample  was  multiphased.  The  main  peaks  were  identified  to 
the  YNi2B2C-type  structure  with  a  =  3.95  A  and  c  =  9.98  A. 
There  also  existed  peaks  of  secondary  phases  in  Fig.  1(c) 
whose  indentification  is  needed.  The  result  of  YCu2Si2C  is 
similar  to  that  of  Cu-substituted  YNiCuB2C  in  which  pure, 
Cu-containing  intermetallic  compounds  with  a 
YNi2B2C-type  structure  are  difficult  to  synthesize  by  means 
of  an  arc-melting  technique. 

Figure  2  shows  the  temperature  dependence  of  the  mag¬ 
netization  measured  at  10  G  and  the  resistance  for  the 
Y2Ni3B5C2  sample.  The  superconducting  transition  is  seen  at 
15.0  K  with  a  broader  transition  width  as  compared  with  that 
of  the  pure  YNi2B2C  sample.1  The  sample  cooled  in  zero 
field  shows  a  magnetic  shielding  equal  to  — 80%-100%  of 
that  of  a  perfect  superconductor.  On  cooling  in  the  field,  it 


displays  a  Meissner  effect  of  -10%  of  that  expected  for 
perfect  diamagnetism.  The  broader  transition  width  may  re¬ 
sult  from  the  secondary  phases  already  seen  in  the  x-ray 
pattern  which  separate  the  YNi2B2C  phase  grains  so  that 
weak  links  form.  We  found  that  before  Tc,  positive,  up- 
grown  field  cooling  and  zero-field  cooling  curves  were  al¬ 
ways  observed  in  these  Ni-containing  samples.  As  shown  in 
the  left  inset  of  Fig.  2,  the  zero-field  cooling  curve  shows  a 
broad  maximum  at  —60  K.  More  interestingly,  for  this 
sample,  its  ZFC  susceptibility  became  negative  at  a  lower 
temperature.  Although  ac  susceptibility  conducted  on  the 
sample  indicated  that  this  negative  ZFC  dc  susceptibility  was 
not  due  to  a  superconducting  phase  transition,  its  origin  is  yet 


FIG.  4.  Temperature-dependent  magnetization  (H=  10  G)  for  YNi2Si2C  and 
YCu2Si2C.  The  insets,  expended  view  showing  the  magnetization  before  Tc . 
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to  be  found  out.  Its  FC  susceptibility,  on  the  other  hand, 
continued  to  increase  with  decreasing  temperature  until  Tc 
was  reached.  This  novel  behavior  is  most  likely  to  be  asso¬ 
ciated  with  a  Ni-containing  impurity.  For  Y2Ni2B6C2 
(YNiB3C)  and  Y2Ni5B3C2  samples,  they  possess  the  same 
onset  temperature  at  15.0  K  with  a  broader  transition  width. 
This  result  is  consistent  with  the  x-ray  data  which  indicate 
that  YNi2B2C  is  the  major  phase  in  these  samples.  For  the 
sample  Y2NiB7C2,  no  superconductivity  was  found.  Its  sus¬ 
ceptibility  (in  the  order  of  10~5)  seems  to  follow  the  Curie- 
Weiss  law.  Such  a  behavior  may  be  due  to  a  residual  mag¬ 
netic  moment  of  Ni.6 

The  temperature-dependent  magnetization  data  mea¬ 
sured  at  20  G  for  Cu-substituted  YNiCuB2C  are  given  in  Fig. 
3.  The  shield  signal  corresponds  to  —25%  of  perfect  diamag¬ 
netism.  The  inset  to  Fig.  3  shows  an  onset  temperature  at 
11.0  K,  indicating  that  Cu  substitution  for  Ni  reduces  Tc , 
agreeing  with  that  of  Gangopadhyay  et  al5 

Superconductivity  in  small  quantities  can  be  observed  in 
silicocarbides  YNi2Si2C  and  YCu2Si2C.  The  temperature  de¬ 
pendence  of  the  magnetization  at  10  G  for  both  samples  is 
shown  in  Fig.  4.  The  onset  temperature  is  —4  K  for  both 
samples.  The  magnitudes  of  the  shielding  and  Meissner  ef¬ 
fect  signals  correspond  to  —1.5%  and  —1.2%  of  perfect  dia¬ 
magnetism  for  YNi2Si2C  and  —1%  and  —0.4%  for 
YCu2Si2C,  respectively.  This  suggests  that  the  superconduct¬ 
ing  phase  is  a  minor  phase  with  a  volume  fraction  of  the 
order  of  1%.  From  the  insets  of  Fig.  4,  the  hysteresis  be¬ 
tween  field  cooling  and  zero-field  cooling  curves  before  Tc 
can  also  be  seen  in  YNi2Si2C.  While  such  curves  were  not 
observed  in  YCu2Si2C,  which  is  Ni  free,  further  suggesting 
that  this  history-dependent  hysteretic  magnetic  behavior 
is  associated  with  a  Ni-containing  impurity. 


IV.  CONCLUSIONS 

Deviation  from  the  stoichiometric  composition  of 
YNi2B2C  by  changing  the  ratio  of  Ni  to  B  introduced  impu¬ 
rity  phases  into  the  major  phase  YNi2B2C.  In  Y2Ni;cBg_JCC2 
(*  =  2,  3,  5),  the  major  phase  YNi2B2C  was  responsible  for 
superconductivity  with  Tc~  15.0  K.  For  Cu-substituted 
YNiCuB2C,  an  expansion  in  lattice  was  observed  due  to  the 
substitution  of  Ni  with  Cu.  Secondary  phases  emerged  be¬ 
cause  of  the  limited  solubility  of  Cu  in  this  compound.  The 
Cu  substitution  reduced  the  Tc  to  1 1  K,  in  agreement  with 
the  argument  that  the  Fermi  level  in  the  parent  compound 
lies  very  near  to  a  peak  in  the  density  of  states  so  that  further 
enhancement  in  Tc  by  chemical  modification  is  rather 
unlikely.5  For  new  silicocarbides  YNi2Si2C  and  YCu2Si2C, 
they  were  not  bulk  superconductors.  But  there  existed  super¬ 
conducting  minor  phases  with  Tc=- 4  K. 
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Oxygen  dependence  of  the  Josephson  weak  link  effect,  specific  heat, 
and  the  transition  temperature  of  YBa2Cu3Ox 

S.  Glenis,  G.  Choi,  C.  L.  Lin,  and  T.  Mihalisin 
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We  have  measured  *<T)  for  oxygen-annealed  YBa2Cu30J  samples  and  observed  a  glass-like 
behavior  at  low  magnetic  fields  which  can  be  explained  in  terms  of  a  Josephson  weak  link  effect. 

The  glass  transition  temperature  Tg  depends  on  the  oxygen  annealing  temperature  and  sample  pellet 
pressure.  Tg  disappears  when  a  sample  was  powdered  after  receiving  an  oxygen  anneal,  indicating 
that  the  Josephson  weak  link  effect  occurs  between  intergranular  boundaries.  In  addition,  Tc  shifts 
from  93  K  for  the  air-sintered  samples  to  90  K  for  the  oxygen-annealed  materials.  Under  vacuum 
annealing,  Tg  disappears  and  Tc  first  shifts  back  to  93  K.  Prolonged  vacuum  annealing  or  vacuum 
annealing  at  higher  temperatures  depresses  Tc  to  below  90  K.  The  temperature  dependence  of  the 
specific  heat  shows  a  single  anomaly  for  samples  sintered  in  air  or  annealed  under  high  vacuum.  But 
a  double-peak  specific  heat  anomaly  occurs  for  the  oxygen-annealed  samples.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)02408-3] 


I.  INTRODUCTION 

Although  the  high  Tc  cuprate  superconductors1’2  were 
discovered  in  1986,  the  thermodynamic,  electric,  and  mag¬ 
netic  properties  are  not  clearly  understood.  From  the  magne¬ 
tization  x(T)  measurements  on  good  quality  oxygen- 
annealed  YBa2Cu30JC  (*~7)  samples  we  have  observed3  a 
glass  transition  at  low  magnetic  fields  which  is  different  from 
the  vortex  glass-fluid  transition  at  high  fields  4,5  This  glass 
behavior  can  be  explained  in  terms  of  Josephson  weak  link 
effects  proposed  by  several  theoretical  researchers.6’7  These 
effects  may  also  explain  the  so-called  “paramagnetic  Meiss¬ 
ner  effect”,8’9  where  the  field-cooled  magnetization  below  Tc 
becomes  paramagnetic  for  very  low  fields.  Whether  the  weak 
links  originate  from  intergranular  or  intragranular  junctions 
is  not  clear. 

Tc  as  determined  from  the  Meissner  effect  “onset”  tem¬ 
perature  is  about  90  K  for  oxygen-annealed  samples.  This 
value  differs  significantly  from  the  93  K  value  which  has 
usually  been  reported  for  YBa2Cu30T  with  x^l ,  but  agrees 
with  that  observed  for  some  single  crystals.10  The  electrical 
resistivity  measurements  on  oxygen- annealed  samples  have 
shown  a  two-step  transition11  with  the  first  step  at  93  K. 
Moreover,  double-peak  specific  heat  anomalies  have  been 
reported  for  both  single-crystal  and  poly  crystalline 
YBa2Cu30;c  (x~7)  samples.11-13  This  double-peak  behavior 
has  led  some  researchers14  to  propose  different  pairing 
mechanisms  to  explain  high  Tc  cuprate  superconductors. 

We  have  prepared  YBa2Cu3Ox  samples  sintered  in  air, 
annealed  in  oxygen  at  different  temperatures,  and  annealed 
under  high  vacuum.  The  temperature  dependence  of  the 
magnetic  susceptibility  and  the  specific  heat  has  been  mea¬ 
sured.  The  results  for  these  samples  are  discussed  in  terms  of 
variations  in  their  oxygen  content. 

II.  EXPERIMENT 

Polycrystalline  YBa2Cu3Ox  samples  were  prepared  using 
the  solid-state  reaction  technique.  The  appropriate  amounts 


of  high-purity  Y203,  BaC03,  and  CuO  were  thoroughly 
mixed  and  then  pressed  into  pellets  1/2  in.  in  diameter.  The 
pellets  were  reacted  in  air  at  950  °C  for  24  h.  They  were  then 
ground  to  a  fine  powder  and  the  entire  procedure  was  re¬ 
peated  twice.  After  the  materials  were  sintered  in  air  three 
times,  they  were  again  ground  to  a  fine  powder,  pressed  into 
pellets,  and  finally  annealed  in  flowing  oxygen  at  atmo¬ 
spheric  pressure.  The  oxygen  annealing  temperature  varied 
from  300  to  950  °C.  X-ray  diffraction  measurements  at  room 
temperature  were  used  to  check  sample  homogeneity  and 
determine  lattice  parameters.  The  results  showed  that  the  lat¬ 
tice  parameters  are  essentially  the  same  for  all  samples  an¬ 
nealed  in  oxygen  irrespective  of  the  annealing  temperatures 
and  time  intervals,  and  are  consistent  with  those  previously 
published.15  We  also  investigated  the  microstructure  and 
grain  sizes  of  these  samples  using  a  scanning  electron  micro¬ 
scope.  The  typical  grain  size  was  found  to  be  about  10  ^m.  A 
terrace-like  circularly  layered  microstructure  was  observed 
and  reported.3  The  temperature  dependence  of  the  magnetic 
susceptibility  was  measured  using  a  commercial  SQUID 
magnetometer.  Since  these  measurements  were  performed  in 
low  fields,  certain  precautions  were  taken.  In  particular,  a 
“zero-field”  calibration  was  obtained  by  using  a  high-purity 
Pd  sphere  to  determine  the  residual  field  in  the  magnetometer 
solenoid.  The  specific  heat  was  measured  from  15  to  150  K 
using  a  semiadiabatic  heat  pulse  method. 

III.  RESULTS  AND  DISCUSSION 

Shown  in  Fig.  1  curve  (a)  is  the  temperature  dependence 
of  the  zero-field-cooled  (ZFC)  magnetic  susceptibility  x(T) 
measured  at  H  =  10  Oe  for  a  sample  that  was  sintered  in  air 
without  receiving  the  final  oxygen  anneal.  It  shows  a  typical 
diamagnetic  behavior  for  superconductors.  The  absolute 
value  of  *  at  10  K  is  close  to  1/47T  indicating  a  good  quality 
sample.  Tc  is  defined  from  the  temperature  where  the  onset 
of  x(T)  occurs  and  is  found  to  be  about  93  K  for  this  sample. 
Curve  (01),  for  a  sample  annealed  in  oxygen  at  450  °C  for 
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FIG.  1.  The  x(J)  data  measured  at  H=  10  Oe  for  samples  (a)  annealed  in 
air,  (01)  annealed  in  oxygen  at  450  °C  for  10  h,  (02)  annealed  in  oxygen  at 
950  °C  for  10  h  and  (P)  powdered  after  receiving  final  oxygen  anneal. 

10  h,  shows  a  kink  at  Tg  =  70  °C.  This  kink  can  be  attributed 
to  a  glass  transition  which  will  be  discussed  later.  Note  that 
Tc  shifts  from  93  to  90  K  for  this  oxygen-annealed  sample. 
Curve  (02),  for  a  sample  annealed  in  oxygen  at  950  °C  for 
10  h,  is  similar  to  curve  (01),  except  Tg  shifts  to  a  higher 
temperature.  We  have  measured  x(T)  f°r  several  samples 
annealed  in  oxygen  between  300  and  950  °C,  and  found  that 
Tg  increases  monotonically  with  increasing  oxygen  anneal¬ 
ing  temperature. 

We  have  performed  thermal  cycling  measurements  of 
X(T)  in  order  to  understand  the  magnetic  response  below 
and  above  Tg  .  Shown  in  Fig.  2  is  the  x(T)  data  for  a  sample 
annealed  in  oxygen  at  950  °C  for  10  h.  The  sample  was  first 


FIG.  2.  The  thermal  cycling  magnetic  susceptibility  measured  at  H~5  Oe 
for  a  sample  annealed  at  950  °C  for  10  h. 


FIG.  3.  The  x(T)  data  measured  at  H-  10  Oe.  (a)  sample  sintered  in  air.  (O) 
sample  annealed  in  oxygen  at  450  °C  for  10  h.  (VI),  (V2),  and  (V3)  samples 
annealed  under  vacuum  at  375  °C  for  1,  3,  and  5.5  h,  respectively,  after 
being  fully  oxygenated,  and  (V4)  sample  annealed  under  vacuum  at  450  °C 
for  5  h. 


cooled  to  5  K  (point  A)  in  zero  field.  Then  a  field  of  H=5 
Oe  was  applied  and  held  fixed  for  the  remainder  of  the  cycle. 
The  sample  was  then  taken  through  a  heating-cooling  re¬ 
heating  trajectory.  It  can  be  seen  that  the  heating-cooling 
cycle  (e.g.,  A— >5— »C)  is  far  more  irreversible  than  the 
cooling-reheating  cycle  (B~>C~^Br).  However,  the 
heating-cooling-reheating  trajectory  that  starts  at  D,  i.e., 
D-+E-+D-+E,  is  entirely  reversible.  Note  that  point  D  is  at 
the  kink  temperature  Tg .  Hence  it  appears  that  x(T)  shows 
irreversible  behavior  below  Tg  and  reversible  behavior  above 
Tg  characteristic  of  a  glass  transition.  Note  that  the  value 
H=  5  Oe  is  smaller  than  the  lower  critical  field  Hcl  and 
hence  this  glass  transition  is  completely  different  from  the 
vortex-glass-fluid  transition4,5  observed  at  higher  fields.  It 
has  been  proposed  by  several  theoretical  groups6,7  that  this 
glass  behavior  at  low  fields  can  be  explained  in  terms  of 
Josephson  weak  link  effects.  We  have  shown3  that  Tg  ini¬ 
tially  increases  with  increasing  pellet  pressure  but  saturates 
at  high  pressures,  and  that  Tg  decreases  with  increasing  ap¬ 
plied  fields  and  in  fact  disappears  at  sufficiently  high  field. 

Returning  to  Fig.  1,  curve  (P)  shows  x(T)  for  a  sample 
which  was  powdered  after  receiving  an  oxygen  anneal  at 
950  °C  for  10  h.  The  kink  disappears  suggesting  that  the 
glass  behavior  is  due  to  Josephson  weak  link  effects  which 
occur  at  intergranular  boundaries.  However,  Tc  for  the  pow¬ 
dered  samples  remains  at  90  K  indicating  that  during  the 
oxygen  anneal  oxygen  not  only  enters  the  grain  boundaries 
but  also  enters  the  entire  material  resulting  in  a  change  of  the 
bulk  superconducting  properties. 

In  order  to  understand  Tc  as  a  function  of  oxygen  con¬ 
tent,  we  have  measured  x(T)  for  several  samples  annealed  in 
air,  in  oxygen,  and  under  high  vacuum  at  375  °C.  In  Fig.  3 
curve  (a)  shows  x(T)  for  an  air-sintered  sample.  Curve  ( O ) 
shows  x(T)  for  a  sample  annealed  in  oxygen  at  450  °C  for 
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FIG.  4.  The  C(T)IT  data  for  samples  (a)  sintered  in  air,  (O)  annealed  in 
oxygen  at  450  °C  for  10  h,  and  (V)  annealed  under  vacuum  at  375  °C  for  5.5 
h  after  being  fully  oxygenated. 


10  h.  Curves  (VI),  (V2),  and  (V3)  show  ^(7)  for  samples 
that  were  fully  oxygenated  by  a  10  h  oxygen  anneal  at 
450  °C  and  then  vacuum  annealed  at  375  °C  for  1,  3,  and  5.5 
h,  respectively.  Curve  (V4)  shows  ^(7)  for  a  sample  that 
was  vacuum  annealed  at  450  °C  for  5  h.  Weight  measure¬ 
ments  before  and  after  oxygen  annealing  allowed  us  to  de¬ 
termine  how  the  oxygen  content  varies  with  the  temperature 
and  time  (duration)  of  the  oxygen  anneal.  The  oxygen  con¬ 
tent  rises  rapidly  and  saturates  presumably  at  a  value  corre¬ 
sponding  to  The  time  required  for  saturation  depends  on 
the  anneal  temperature.  We  found  the  saturation  time  to  be 
about  3  h  at  450  °C  but  only  30  min  at  950  °C.  It  should  be 
noted  that  a  number  of  samples  (not  shown  in  Fig.  3)  were 
annealed  in  oxygen  for  very  long  times  (up  to  60  h)  at  vary¬ 
ing  temperatures  (from  300  to  950  °C).  These  samples  as 
well  as  the  sample  shown  in  curve  (O)  of  Fig.  3  (annealed  in 
oxygen  for  10  h  at  450  °C)  all  show  a  Tc  of  90  K  indicating 
that  90  K  is  the  Tc  for  fully  saturated  YBa2Cu307 . 

Curves  (VI),  (V2),  and  (V3)  are  for  samples  that  were 
first  fully  oxygenated  and  then  vacuum  annealed  at  375  °C 
for  1,  3,  and  5.5  h,  respectively,  to  drive  out  oxygen.  Note 
from  Fig.  3  that  Tc  rises  from  90  to  93  K.  Finally  curve  (V4) 
of  Fig.  3  shows  a  sample  that  was  first  fully  oxygenated  and 
then  vacuum  annealed  at  a  higher  temperature,  namely, 
450  °C  for  5  h.  This  sample  shows  a  considerably  lower  Tc 
presumably  because  too  much  oxygen  has  been  removed. 
The  Tc  variation  observed  here  is  in  good  agreement  with 
recently  published  results.10’12,16 


Shown  in  Fig.  4  is  specific  heat  data  plotted  as  C(7)/7 
vs  7.  Curve  (a)  is  the  data  for  a  sample  sintered  in  air.  A 
small  specific  heat  anomaly  is  present  at  about  93  K  which  is 
associated  with  the  superconducting  transition.  After  the 
sample  was  annealed  in  oxygen  at  450  °C  for  10  h  the  spe¬ 
cific  heat  anomaly  became  more  pronounced  as  seen  in  curve 
(O).  In  fact,  curve  (O)  consists  of  a  main  peak  at  about  90  K 
and  a  shoulder  at  93  K.  Samples  annealed  in  oxygen  for  10  h 
at  temperatures  between  450  and  950  °C  show  the  same  be¬ 
havior.  This  double-peak  specific  heat  anomaly  has  been  ob¬ 
served  previously.11"13  Curve  (V)  shows  the  data  for  a  fully 
oxygenated  sample  that  was  then  annealed  under  vacuum  at 
375  °C  for  5.5  h.  The  anomaly  shifts  back  to  93  K,  but  still 
remains  more  pronounced  [than  curve  (a)].  A  more  extensive 
analysis  of  the  specific  heat  data  is  under  way  and  will  be 
presented  in  a  future  paper.  However,  it  seems  clear  at  this 
point  that  a  number  of  interesting  phenomena  besides  the 
value  of  Tc  are  closely  tied  to  the  oxygen  content  including 
the  presence  of  a  weak  link  glass  state  and  a  double-peaked 
specific  heat  behavior. 
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Effects  of  Pr,  Tb,  and  Zn  doping  into  YBa2Cu307  on  magnetoresistivity 
and  magnetic  phase  boundaries 

F.  Freibert,  G.  Cao,  S.  McCall,  M.  Shepard,  and  J.  E.  Crow 
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Transverse  Ai? -plane  magnetoresistivity  pAB  ( C  axis  II H)  of  (Y1„xPrx)Ba2Cu307„^  and 
YBa2(Cu1  _xZnx)307_£  thin  films  and  (Yj^Tb^Ba^UgO w  thin  films  and  single  crystals  has 
been  measured  as  a  function  of  0.0<Y<Yc ,  2  K<T<300  K,  and  0  T<#<20  T.  Mean-field  upper 
critical  field  HC1  and  irreversibility  field  Hl  phase  boundaries  have  been  determined  and  are 
discussed  in  terms  of  proposed  theories.  Tb  doping  of  YBa2Cu307  reflects  an  enhanced  pinning  or 
“stiffening”  of  the  vortex  system  without  apparent  alteration  to  Tc  or  the  slope  of  the  mean-field 
normal  phase-mixed  phase  boundary  line,  dHC2idT\T=Tc.  However,  Pr  and  Zn  doping  of 
YBa2Cu307  tends  to  depress  both  Tc  and  dHC2ldT\T^Tc  and  shows  a  “softening”  of  the  vortex 
system.  This  behavior  may  be  understood  in  terms  of  the  magnitude  of  the  superconducting  pair 
coherence  length,  which  is  controlled  by  doping,  and  the  divergence  of  the  vortex-glass  correlation 
length  as  it  relates  to  flux  line  coupling  of  vortices  in  the  Cu02  planes.  These  systems  are  compared 
with  other  high  Tc  superconducting  systems  which  possess  similar  phase  boundary  properties. 
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I.  INTRODUCTION 

Magnetoelectronic  transport  measurements  of  selectively 
doped  high  Tc  superconductors  can  provide  a  direct  gauge  of 
structural  and  magnetic  alterations  as  sensed  by  vortices  in 
the  superconducting  state  and  electrons  in  the  normal  state. 
Local  disorder  introduced  into  the  structure  by  doping  has  a 
great  consequence  both  for  the  H-T  (magnetic  field- 
temperature)  phase  diagram  of  the  vortex  system  and  for  its 
dynamical  properties.  This  is  evidenced  by  shifts  and  novel 
structures  seen  in  the  magnetic  phase  boundaries  of  the  H-  T 
plane,  since  these  boundaries  mark  transition  points  between 
the  different  vortex  system  states  within  the  superconductor. 
The  magnitude  of  the  extrapolated  residual  resistivity 
p0(T~ 0  K)  is  indicative  of  electron-defect  and  electron- 
impurity  scattering  lifetimes  and  the  temperature  dependence 
of  the  normal  state  resistivity  of  characteristic  of  electron- 
exitation  or  electron-magnetic  impurity  spin  scattering. 

YBa2Cu307_£  (YBCO)  and  the  other  Cu-based  high  Tc 
oxide  superconductors  have  many  features  in  common,  in¬ 
cluding  large  anisotropies  in  their  magnetic  and  transport 
properties,  which  reflect  the  role  played  by  the  Cu02  planes 
common  to  all  these  systems.  This  article  focuses  on  portions 
of  a  magnetotransport  properties  study  of  YBCO  doped  with 
Pr,  Tb,  and  Zn  where  particular  attention  is  devoted  to  dissi¬ 
pative  properties  of  the  normal  and  superconducting  states, 
the  onset  of  superconductivity  //C2,  and  the  formation  of  the 
vortex-solid  phase  .  Many  similarities  and  many  differ¬ 
ences  exist  between  the  impact  of  impurities  on  the  normal 
and  superconducting  properties  upon  entering  the  lattice  and 
preferentially  perturbing  the  system.  The  superconducting 
properties  of  YBCO  are  insensitive  to  Y-site  trivalent  substi¬ 
tutions,  except  in  the  case  of  Ce,  Pr,  and  Tb.  Of  these  three 
exceptions,  Pr  and  Tb  can  be  doped  onto  the  Y-site  accom¬ 
panied  by  altered  superconducting  and  normal  state  proper¬ 
ties.  Increasing  Pr  concentration  from  X—  0.0  to  Xc=0.55  in 
(Y1_xPrx)Ba2Cu307„^  (YPBCO)  produces  a  monotonic  de¬ 
crease  in  Tc  and  a  monotonic  increase  in  pQ  from  90  to  0  K. 


However,  Tb  doped  into  (Y1_xTbx)Ba2Cu307_<5  (YTBCO) 
epitaxial  thin  films  and  crystals  shows  Tc  to  be  independent 
of  doping  up  to  the  highest  concentration  measured,  i.e., 
Y=0.50.  These  differences  are  unusual  since  Pr-  and  Tb- 
doped  YBCO  have  many  features  in  common,  e.g.,  both  Pr 
and  Tb  appear  to  hybridize  with  carriers  in  the  Cu02  planes 
as  reflected  by  large  enhancements  in  y  (coefficient  of  the 
linear  temperature-dependent  contribution  of  the  specific 
heat)  and  the  large  anisotropies  in  the  normal  state  magnetic 
susceptibilities.1-4  In  contrast  to  the  impact  on  the  normal 
and  superconducting  properties  due  to  Pr  and  Tb  doping  of 
YBCO,  which  indirectly  modify  the  Cu02  planes  through 
hybridization,  the  impact  due  to  Zn  doping  of  YBCO  accom¬ 
plished  by  substitution  for  the  Cu  in  the  Cu02  planes  leads  to 
a  precipitous  drop  in  Tc  with  T c— >0  K  for  Xc=0.10  in 
YBa2(Cu1_xZnx)307„£  (YBCZO).  This  behavior  indicates 
the  importance  of  the  Cu  ion  magnetic  moment  to  the  super¬ 
conducting  mechanism  in  YBCO,  since  Zn  is  diamagnetic 
and  isovalent  with  Cu+2  and  distorts  the  unit  cell  volume  less 
than  0.5%  at  Xc . 


II.  THEORETICAL  BACKGROUND 

All  high  Tc  superconductors  are  anisotropic  type  II  su¬ 
perconductors  whose  reduced  dimensionality  and  high  Tc 
have  greatly  enhanced  the  thermal  fluctuations  of  the  order 
parameter  and  altered  the  mixed  phase  behavior.  These  ef¬ 
fects  are  apparent  in  the  electrical  resistivity  of  the  supercon¬ 
ductor  cooled  in  a  magnetic  field.  Near  Tc ,  the  fluctuation 
enhancement  in  the  resistivity  obeys  scaling  relations  as  ex¬ 
pected  on  the  basis  of  Ginzburg-Landau  fluctuation  theory 
for  a  three-dimensional  superconducting  system  in  a  high 
magnetic  field.5  This  scaling  behavior  provides  a  consistent 
method  of  determining  the  second-order  mean-field  upper 
critical  field  transition  temperature,  T(HC2 ),  and  offers  an 
alternative,  more  physically  significant  method  to  that  of  ob¬ 
taining  T(HC2)  from  Q.5p(H)\T=Tc. 
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As  the  cooling  process  continues  in  field 
(HCi<H<Hc 2)  below  Tc,  a  vortex-liquid  phase  appears, 
and  is  soon  replaced  as  vortex-vortex  and  vortex-defect  in¬ 
teractions  act  collectively  to  bring  about  the  transition  from  a 
vortex-liquid  to  a  vortex-glass  at  a  well-defined  temperature 
Tg  (in  a  dc  measurement  Tg  —  Tj).  The  vortex-glass  phase 
onset  is  signaled  by  a  vanishing  electrical  resistivity 
p  =  |  j  -  tg  I  “ 5 ,  where  s  =  v{  z  -  1 )  for  critical  exponent  v  and 
dynamical  exponent  z-6  Thus,  the  H-T  (magnetic  field- 
temperature)  phase  diagram  possesses  a  vortex  state 
(. HCI<H<HC2 )  with  regions  of  reversible  and  irreversible 
magnetic  behavior  separated  by  an  “irreversibility”  line.  The 
theoretical  vortex-glass  transition  line  obeys  the  low-field 
(HC2>H>HC  1)  power-law  temperature  dependence  HG 
=  H0(  1  -  T!Tc)2v\  where  vr  =2/3  for  the  zero-field  critical 
region  and  is  true  for  vortex  systems  in  YBCO  single  crystals 
and  thin  films.7,8  This  temperature  dependence  is  related  to 
divergence  in  the  correlation  length  of  the  order  parameter, 

=  |  T  -  Tg\  ~  v\  as  Tg  is  approached  from  either  higher  or 
lower  temperatures. 

III.  EXPERIMENTS  AND  RESULTS 

Thin  films  of  YPBCO,  YTBCO,  and  YBCZO  were 
grown  by  laser  ablation,  each  of  average  thickness  1.5  mm.1,2 
Since  the  films  were  epitaxially  deposited  on  twinned  single¬ 
crystal  LaA103  substrates,  transport  measurements  are  repre¬ 
sentative  of  collective  A  B -plane  behavior.  Single  crystals  of 
YTbCO  were  grown  by  the  self-flux  growth  technique.2  Re¬ 
sistivity  measurements  pAB{X,H,T)  for  0<X<Xc,  2  K<T 
<300  K  and  0  T<//<20  T  were  made  using  an  in-line 
four-probe  method  for  the  thin  film  samples  and  the  Mont¬ 
gomery  technique  for  the  single  crystals.  In  all  cases,  correc¬ 
tions  for  thermal  EMFs  were  applied  with  current  densities 
of  1  A/cm2</<50  A/cm2.  These  measurements  allow  deter¬ 
mination  of  such  physical  quantities  as  the  mean-field  upper 
critical  field  HC2  and  irreversibility  field  Hn  and  their  de¬ 
pendence  on  temperature  T,  dopant  concentration  X  and 
magnetic  field  H. 

This  study  has  revealed  that  an  increase  in  Tb  doping 
appears  to  shift  the  vortex-glass  transition  line  to  higher 
temperatures  or  “stiffening”  as  compared  to  undoped 
YBCO,  while  leaving  Tc  and  the  slope  of  the  mean-field 
normal  phase-mixed  phase  boundary  line,  dHC2/dT\T=Tc, 
relatively  unchanged  [A T(HC2)  and  AdHC2/dT\T=Tc 
<2%]  as  seen  in  Fig.  1.  The  absence  of  change  in  £GL,  the 
Ginzburg-Landau  superconducting  pair  coherence  length 
(j HC2=<f)0l2iri;QL ,  4> 0  is  the  Aux  quanta),  implies  some  pos¬ 
sible  vortex-impurity  interactions  causing  an  enhanced  pin¬ 
ning  or  “stiffening”  of  the  vortex  system  and  bringing  about 
the  transition  to  the  vortex-solid  phase  at  higher  tempera¬ 
tures.  Fitting  the  power-law  temperature  dependence  of  the 
irreversibility  line  shows  an  increase  in  v'  of  20%  with  in¬ 
creased  Tb  doping  (Fig.  2).  Co-doped 
YBa2(Cu1  _xCox)307_£  (YBCCO-chain  site  doping)  single 
crystals  at  concentrations  less  than  X—  0.025  show  a  similar 
behavior  with  an  increase  in  v  (p'=0.55  at  X=0.01  to 
v'=0.66  at  Y=0.02);  but  no  significant  shift  in  temperature 
of  the  irreversibility  line  as  measured  by  dc  magnetization.9 


T/Tc 

FIG.  1.  Mean-field  upper  critical  field  HC1  phase  boundaries  for  various 
dopant  concentrations  vs  normalized  temperature.  (Solid  lines  are  guides  to 
the  eye.) 

However,  at  X= 0.025  doping  this  system  undergoes  an 
orthorhombic-to-tetragonal  phase  transition,  resulting  in  be¬ 
havior  similar  to  the  Pr-  and  Zn-doped  systems.  Magnetiza¬ 
tion  studies  show  oxygenation  of  as-grown  polycrystalline 
HgBa2CaCu206+£  introduces  small  displacements  to  higher 
temperatures  in  the  irreversibility  line  and  increases  in  v 
(j/  =  1.2  to  ?/  =  1.3)  which  are  attributed  to  variations  in 
Cu02  planar  coupling  with  planar  separation  distances.10 

In  contrast  to  the  phase  diagram  of  the  Tb-doped  system, 
increased  Pr  and  Zn  doping  of  YBCO  tends  to  depress  both 
Tc  and  dHC2fdT  (Fig.  3),  but  to  increase  v '  (Fig.  2).  The 
depression  of  dHC2!dT  has  been  seen  in  other  HC2  studies 
of  YPBCO  and  is  attributed  to  hole  filling  and/or 
hybridization.1,4  The  enlargement  in  the  size  of  £GL  with  in¬ 
creased  doping  (Fig.  3)  redefines  the  length  scales  in  the 
vortex  system  resulting  in  an  inability  of  the  quenched  dis- 
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FIG.  2.  Log-log  plot  of  Hj  vs  1  —  TiTc  for  thin  film  samples  of  Pr-,  Tb-, 
Zn-doped  YBCO.  (Solid  lines  represent  power-law  fits  with  given  expo¬ 
nents.) 
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order  (twinning  and  point  defects)  to  reduce  thermally  acti¬ 
vated  vortex  motion  thus  “softening”  the  vortex  system.  As 
mentioned  above,  single  crystals  of  YBCCO  at  dopant  con¬ 
centrations  of  greater  than  X= 0.025  have  a  similar  behavior 
with  the  irreversibility  line  shifted  to  lower  temperatures  and 
increasing  vf  (z/=0.75  atX-0.025  to  z/  =  1.3  atX=0.04for 
H>  1  T)  which  has  been  attributed  to  decoupling  of  the  vor¬ 
tices  between  Cu02  planes.9  Thickness  dependence  studies 
of  YBCO  thin  films  by  ac  magnetization  show  a  progressive 
depression  in  transition  temperature  Tj  with  v  increasing 
from  v=0.66  to  z/=0.86  as  film  thickness  decreased  from 
1000  to  20  nm,  respectively.11  Although  no  explanation  was 
afforded,  the  reduction  in  the  number  of  possible  Cu02 
planes  coupled  by  flux  lines  from  30  000  to  60,  results  in 
similar  behavior  seen  in  Pr-,  Zn-,  and  Co-doped  YBCO  with 
increased  doping.  From  a  magnetoresistivity  study  of  YBCO 
thin  films  with  decreasing  strip  width  from  5.6  to  0.54  mm, 
evidence  was  offered  that  size  effects  were  responsible  for 
softening  of  the  vortex  system  elasticity.12  This  evidence 
took  the  form  of  an  increase  in  the  dynamical  exponent  z  by 
some  70%  (z  =  5.6  to  z-9.1)  with  an  associated  increase  in 
vf  of  40%  (*/=0.75  to  i/  =  1.07). 

These  systems  were  chosen  for  study  based  on  the  need 
to  understand  the  effects  magnetic  and  nonmagnetic  impuri¬ 
ties  have  on  the  mechanisms  responsible  for  the  depression 
of  superconductivity  and  on  the  fundamental  phenomena 
which  underlies  the  vortex  state  in  these  unconventional  type 


II  superconductors.  Within  this  and  similar  studies,  alter¬ 
ations  of  the  structure  in  and  around  the  Cu02  planes  have 
redefined  the  boundaries  of  the  H-T  phase  plane.  This  phe¬ 
nomenon  is  intimately  tied  to  the  manner  in  which  the  vortex 
system  detects  these  changes  and  adapts  its  dynamical  prop¬ 
erties.  The  questions  brought  up  and  left  unanswered  here 
will  provide  an  area  for  more  detailed  investigation  in  future 
work. 
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Rotational  magnetic  measurements  of  vortex  pinning  in  polycrystalline 
superconductors  (abstract) 

M.  K.  Hasan,  S.  J.  Park,  and  J.  S.  Kouvel 

Department  of  Physics,  University  of  Illinois,  Chicago,  Illinois  60607-7059 

Magnetization-vector  measurements  were  made  at  various  temperatures  on  polycrystalline  disks  of 
YBa2Cu307  and  (Ba,K)Bi03  as  each  was  rotated  about  its  axis  in  a  fixed  field  H  along  the  disk 
plane.  For  hysteretic  starting  states,  the  vortex  flux  density  vector  B  is  found  to  bifurcate  into  a 
component  that  rotates  rigidly  with  the  sample  and  a  BF  component  that  stays  at  a  fixed  angle  ( 0F) 
relative  to  H ,  thus  turning  frictionally  relative  to  the  sample,  as  seen  earlier.1  With  increasing  H,  BR 
decreases  and  BF  increases  in  size,  indicating  a  distribution  in  the  strength  of  the  vortex  pinning 
torques.  After  BR  has  vanished,  the  frictional  angle  0F  decreases  rapidly.  Thus,  the  quantity 
H fA  sin  0F  (fi  being  the  quantized  vortex  moment),  which  equals  the  average  pinning  torque  ( rp)  on 
each  vortex,  does  not  remain  constant  but  diminishes  with  increasing  H.  This  decrease  of  rp  is 
consistent  with  the  collective  pinning  phenomenon  known  as  vortex  bundling.  At  fixed  H ,  rp 
diminishes  rapidly  with  increasing  temperature,  reaching  very  low  values  well  below  Tc .  These 
results  are  compared  with  those  derived  from  critical-state  model  interpretations  of  conventional 
hysteresis  loop  data.  ©  1996  American  Institute  of  Physics.  [S0021 -8979(96)63208-4] 
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Recording  Heads  and  Materials 


Robert  Fontana,  Chairman 


4  Gbit/in.2  inductive  write  heads  using  high  moment  FeAlN  poles 

W.  P.  Jayasekara,  S.  Wang,a)  and  M.  H.  Kryder 

Data  Storage  Systems  Center,  Carnegie  Mellon  University,  Pittsburgh,  Pennsylvania  15213 

Thin  film  inductive  write  heads  incorporating  2-/zm-thick  single  and  multilayer  FeAlN/Si02  poles 
were  fabricated.  The  poles  were  trimmed  to  1  /zm  trackwidth  using  focused  ion  beam  etching  from 
the  air  bearing  surface  of  the  sliders.  Tests  on  2950  Oe  media  show  satisfactory  media  saturation. 
Overwrite  in  excess  of  -43  dB  and  hard  transition  peak  shift  <2  nm  were  measured  for  wide 
trackwidth  heads  with  0.2  /zm  gap  lengths.  Tracks  written  using  a  1  /zm  track  width  head  were 
imaged  using  magnetic  force  microscopy,  showing  well  defined  transitions  at  linear  densities  up  to 
6600  flux  changes  per  millimeter.  A  written  track  width  of  approximately  1.1  /zm  and  a  side  erase 
band  of  less  than  0.1  /zm  were  observed.  Assuming  a  coding  scheme  with  a  density  ratio  of  1.33, 
these  heads  promise  a  recording  density  of  over  4  Gbit/in.2  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)  12008-1] 


I.  INTRODUCTION 

Achieving  high  areal  density  magnetic  recording  re¬ 
quires  writing  data  at  high  track  density  as  well  as  high  linear 
density.  The  former  requires  write  heads  with  very  narrow 
track  widths,  while  the  latter  calls  for  narrow  gap  heads  ca¬ 
pable  of  both  saturating  high  coercivity  media  as  well  as 
generating  a  high  write  field  gradient.  Recording  heads  ca¬ 
pable  of  1-3  Gbit/in.2  areal  density  recording  have  been  dis¬ 
cussed  in  the  past.1-3  In  this  article  we  discuss  the  perfor¬ 
mance  of  narrow  and  wide  track  width  write  heads  with 
poles  made  of  FeAlN  high  moment  material.  These  heads  are 
capable  of  saturating  2950  Oe  media.  The  narrow  track  heads 
are  shown  to  write  at  an  areal  density  of  over  4  Gbit/in.2 

II.  EXPERIMENT 

The  write  heads  were  made  with  poles  consisting  of 
2-/zm-thick  single  and  multilayer  FeAlN/Si02  films.  This 
material  was  deposited  in  a  Perkin  Elmer  2400  system  by 
rf-diode  sputtering  an  FeAl  target  in  an  Ar/N2  ambient. 
FeAlN  films  deposited  on  glass  wafers  were  reported  earlier.4 
These  showed  coercivity  Hc<  1  Oe,  anisotropy  field  Hk  of  6 
Oe,  saturation  magnetization  of  20  kG  (yielding  a  permeabil¬ 
ity  of  3400),  near  zero  magnetostriction,  and,  for  laminated 
films,  a  permeance  roll-off  frequency  of  over  200  MHz.  Wa¬ 
fer  level  testing  of  FeAlN  write  heads  have  shown  satisfac¬ 
tory  magnetic  behavior.5  The  poles  were  defined  by  ion  mill¬ 
ing  through  a  photoresist  mask.  Track  widths  of  10-24  /xm 
were  defined  in  this  manner.  The  gap  consisted  of  0.2  /zm 
sputtered  A1203.  The  heads  incorporated  15  turn  plated  cop¬ 
per  coils  and  hard  cured  photoresist  insulators.  The  heads 
were  subsequently  machined  into  two  rail  sliders.  The  mag¬ 
netic  separations  quoted  below  are  based  on  air  bearing 
simulations,  and  38  nm  for  the  sum  of  carbon  overcoat,  half 
media  thickness,  and  pole  tip  recession.  The  heads  were 
lapped  to  a  target  throat  height  of  0.5 -1.0  /zm,  The  poles  of 


a)Now  at  Stanford  University. 


the  wide  track  width  heads  were  trimmed  from  the  air  bear¬ 
ing  surface  (ABS)  of  the  slider  using  focused  ion  beam  etch¬ 
ing  (FIBE).  A  0.7  /zm  track  width  defined  by  trimming  a  12 
/zm  track  width  head  is  shown  in  Fig.  1 . 

The  recording  data  presented  in  this  article  pertain  to  a 
22  /zm  track  width  head  and  a  1  /zm  track  width  focused  ion 
beam  etched  head.  For  the  latter,  the  etch  depth  was  1  /zm, 
which  previous  modeling  showed  to  be  adequate  to  prevent 
disturbing  adjacent  data  tracks.6  These  heads  had  poles  con¬ 
sisting  of  two  l-/zm-thick  laminations.  The  two  cobalt  based 
thin  film  media  used  in  this  experiment  had  coercivities  of 
2500  and  2950  Oe.  Both  had  an  Mrt  of  0.65  memu/cm2  and 
a  carbon  overcoat  of  7.5  nm.  The  written  pattern  was  read 
back  with  a  separate  magnetoresistive  sensor  with  a  read 
trackwidth  of  2.8  /zm  and  a  shield  to  shield  gap  spacing  of 
0.36  /zm. 

III.  RESULTS  AND  DISCUSSION 

The  signal  read  back  using  the  MR  head  as  a  function  of 
the  write  current  for  the  22  /zm  track  width  and  the  1  /zm 
track  width  write  heads  on  2950  Oe  coercivity  media  is 
shown  in  Fig.  2.  Complete  media  saturation  is  accomplished 
for  both  heads.  The  media  saturation  onset  currents  for  both 
heads  are  quite  similar,  indicating  that  the  pole  trimming  has 


FIG.  1.  0.7  track  width  defined  by  focused  ion  beam  etching  from  the 
ABS. 
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FIG.  2.  Readback  voltage  and  reverse  dc  erase  noise  as  a  function  of  write 
current,  on  2950  Oe  media. 


had  no  detrimental  effects  on  head  performance.  The  effi¬ 
ciency  of  the  heads  was  evaluated  using  the  reverse  dc  erase 
noise  method.7  In  this  measurement  the  media  is  dc  erased 
with  one  polarity,  and  then  the  media  noise  is  measured  as  a 
function  of  the  dc  write  current  applied  to  the  head  with 
opposite  polarity.  The  reverse  dc  erase  noise  exhibits  a  maxi¬ 
mum  at  the  current  at  which  the  field  in  the  media  equals  the 
remanent  coercivity  of  the  media.  This  is  also  depicted  in 
Fig.  2,  for  the  22  /cm  track  width  head  on  2950  Oe  media. 
The  nominal  magnetic  separation  (fly  height,  overcoat,  half 
media  thickness,  plus  pole  tip  recession)  in  this  case  was  105 
nm.  Using  the  Karlqvist  relationship  between  deep  gap  field 
and  field  at  the  media,  a  relatively  low  efficiency  of  approxi¬ 
mately  27%  is  calculated  for  this  head. 

Overwrite  results  at  the  same  fly  height  are  presented  in 
Fig.  3.  In  this  measurement,  a  625  flux  changes  per  millime¬ 
ter  (fc/mm)  pattern  was  overwritten  by  a  2500  fc/mm  pat¬ 
tern,  and  the  reduction  in  signal  amplitude  at  the  fundamen¬ 
tal  frequency  of  the  overwritten  pattern  was  determined.  The 
wide  track  width  head  demonstrates  very  good  overwrite  on 
2950  Oe  coercivity  media.  However,  the  overwrite  for  the  1 
fjm  track  width  head  (not  shown)  was  much  lower.  This  is 
attributed  to  the  2.8  jx m  track  width  MR  read  head  sensing 
incompletely  overwritten  track  edges  of  the  1 -/4m- wide 
track.  Hard  transition  peak  shift  (HPS)  was  measured  using 
overwrite  spectra.8  An  HPS  of  less  than  2  nm  is  obtained  at  a 
write  current  over  55  mA  and  a  magnetic  separation  of  80 
nm,  as  shown  in  Fig.  3.  It  was  observed  that  at  separations 
over  100  nm  an  HPS  of  less  than  5  nm  could  not  be 
achieved,  inspite  of  the  good  overwrite  observed  earlier.  This 
is  attributed  to  the  lower  write  field  gradient  experienced  at 
the  larger  separations. 


FIG.  3.  Overwrite  and  hard  transition  peak  shift  as  a  function  of  write 
current  for  22  /nm  head  on  2950  Oe  media. 


FIG.  4.  Core  inductance  of  the  write  head  as  a  function  of  applied  dc  bias 
current. 

Core  inductance  of  the  head  as  a  function  of  applied  dc 
bias  current  is  shown  in  Fig.  4.  Up  to  a  current  of  approxi¬ 
mately  60  mA,  the  inductance  rolls  off  gradually,  indicating 
that  no  severe  saturation  is  occurring  in  this  regime.  How¬ 
ever,  a  sharper  drop  in  inductance  is  observed  beyond  60 
mA,  indicative  of  possible  saturation  of  the  neck  region.  The 
core  inductance  at  zero  bias  current  is  lower  than  in  a  con¬ 
ventional  NiFe  head,  indicating  lower  core  permeability. 
This  is  consistent  with  the  low  efficiencies  observed,  and  has 
been  reported  earlier.9  This  low  permeability  could  be  due  to 
low  substrate  temperature  when  FeAlN  was  deposited  with¬ 
out  substrate  preheating  on  Al203-TiC  wafers,10  and/or  due 
to  the  high  anisotropy  of  the  FeAlN  deposited  on  nonplanar 
surfaces  of  the  head.11  Core  inductance  measured  as  a  func¬ 
tion  of  frequency  for  heads  with  poles  with  20  laminations 
does  not  show  any  appreciable  roll  off  in  the  measured  range 
of  1-50  MHz. 

Roll-off  measurements  were  done  on  2950  Oe  media  at  a 
magnetic  separation  of  80  nm.  As  shown  in  Fig.  5,  D5Q,  the 
linear  density  at  which  the  readback  amplitude  falls  to  50% 
of  that  at  low  density,  is  5200  fc/mm.  The  signal  from  the 
1  -/tm-wide  tracks  shows  slightly  different  characteristics, 
possibly  due  to  track  edge  effects  detected  by  the  wider  track 
width  read  head.  Assuming  D50«H.44/PW50,12  where 
PW50=[g2  +  4(aJC  +  (i)2]0'5  is  the  width  at  half  maximum 
amplitude  of  the  readback  pulse,  g=0.18  /cm  is  half  the  read 
gap,  ax  is  the  transition  parameter  of  the  written  pattern,  and 
d~ 60  nm  is  the  magnetic  separation  during  readback, 
ax~ 40  nm.  This  is  consistent  with  calculations  based  on  the 
Williams-Comstock  model.  This  also  predicts  a  Z)50  of  6200 
fc/mm  if  the  read  gap  is  reduced  to  0.2  /cm. 

Tracks  written  using  the  1  fim  track  width  head  at  a 
magnetic  separation  of  94  nm  on  2500  Oe  coercivity  media 
were  imaged  using  magnetic  force  microscopy  (MFM).  The 
MFM  lift  height  was  25  nm.  An  all-ones  pattern  written  at  a 
linear  density  of  6600  fc/mm,  shown  in  Fig.  6,  has  been 
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FIG.  5.  Roll-off  curves  for  FeAlN  write  heads  on  2950  Oe  media. 
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FIG.  6.  MFM  image  of  6600  fc/mm  pattern  written  with  1  /xm  track  width 
head.  Total  field  width  is  2.5  fxm. 


FIG.  8.  MFM  image  of  offtrack  overwrite  test  showing  side  erase  band. 
Total  field  width  is  5  /xm. 


defined  well.  In  contrast,  a  track  written  at  a  linear  density  of 
8800  fc/mm,  shown  in  Fig.  7,  is  showing  some  transition 
percolation.  The  written  track  width  is  observed  to  be  ap¬ 
proximately  1.1  fjm.  An  off-track  overwrite  image,  where  a 
track  was  written  at  a  low  density  and  partly  overwritten  by 
another  track  at  twice  that  density  after  stepping  the  head 
half  a  track  width,  is  shown  in  Fig.  8.  A  narrow  erase  band  of 
<0. 1  /urn  is  observed  between  the  tracks.  This  is  consistent 
with  modeling  results  (cf.  6). 

Allowing  ±0.1  /mm  for  track  misregistration,  these  im¬ 
ages  show  that  a  track  pitch  of  1.35  /am  can  be  achieved  with 
these  heads.  Using  a  coding  scheme  with  a  density  ratio  of 
1.25  (bits/fc),  the  6600  fc/mm  tracks  correspond  to  a  user  bit 
density  of  8250  bits/mm,  while  a  code  with  a  density  ratio  of 
1.33  would  yield  8800  bits/mm.  These  correspond  to  areal 
densities  of  6.1  and  6.5  Mbit/mm2,  or  3.95  and  4.2  Gbits/in.2, 
respectively. 

IV.  CONCLUSIONS 

Write  heads  using  FeAlN  high  moment  pole  material 
were  fabricated  and  tested.  These  heads  are  capable  of  satu¬ 
rating  2950  Oe  media.  MFM  imaging  showed  clearly  defined 
transitions  in  tracks  written  at  a  linear  density  of  6600  fc/ 
mm.  Wide  track  width  heads  demonstrated  overwrite  of  over 


FIG.  7.  MFM  image  of  8800  fc/mm  pattern  written  with  1  /xm  track  width 
head.  Total  field  width  is  2.5  /xm. 


-43  dB  and  a  hard  transition  peak  shift  of  <2  nm.  Induc¬ 
tance  measurements  indicate  that  the  heads  were  not  under¬ 
going  severe  saturation  in  the  operating  regime.  The  heads 
were  observed  to  have  somewhat  low  efficiencies.  This  is 
attributed  to  low  permeability  of  FeAlN  deposited  without 
substrate  heating  and/or  deposited  on  nonplanar  surfaces. 
Narrow  track  width  heads  were  defined  by  pole  trimming 
wide  trackwidth  heads  from  the  ABS.  These  were  demon¬ 
strated  to  be  capable  of  writing  at  an  areal  density  of  4 
Gbits/in.2 

ACKNOWLEDGMENTS 

The  authors  gratefully  acknowledge  Dr.  P.  Frank,  Dr.  G. 
Roberts,  Dr.  S.  Liao,  and  J.  Stocker  of  Applied  Magnetics 
Corporation  for  assistance  in  fabricating  the  write  heads,  P. 
Williams  and  T.  Woodward  of  Materials  Analytical  Services 
for  FIBE  services,  and  Dr.  G.  Spratt,  J.  Gorczyca,  D.  Kams, 
Dr.  G.  Bellesis,  Dr.  J.  Bain,  and  Dr.  R.  Jones  for  assistance 
with  measurements  and  useful  discussion.  The  authors  also 
wish  to  thank  Dr.  S.  Bhatia  of  IBM  Corporation  for  supply¬ 
ing  media,  Dr.  E.  Murdock  of  Seagate  Technology,  Rocky 
Mountain  Magnetics,  and  IBM  Corporation  for  supplying 
MR  read  heads.  This  work  was  supported  by  the  National 
Science  Foundation  under  Grant  No.  ECD-8907068,  and  the 
National  Storage  Industry  Consortium. 

1C.  Tsang,  M.  Chen,  T.  Yogi,  and  K.  Ju,  IEEE  Trans.  Magn.  26,  1689 
(1990). 

2H.  Takano,  H.  Fukuoka,  M.  Suzuki,  K.  Shiiki,  and  M.  Kitada,  IEEE  Trans. 
Magn.  27,  4678  (1991). 

3C.  Tsang,  H.  Santini,  D.  McCown,  J.  Lo,  and  R.  Lee,  IEEE  Trans.  Magn. 
32,  7  (1996). 

4M.  H.  Kryder,  S.  Wang,  and  K.  Rook,  J.  Appl.  Phys.  73,  6212  (1993). 
5S.  Wang,  F.  Liu,  K.  D.  Maranowski,  and  M.  H.  Kryder,  IEEE  Trans. 
Magn.  30,  281  (1994). 

6M.  H.  Kryder  and  W.  Lai,  IEEE  Trans.  Magn.  30,  3873  (1994). 

7G.  Tarnopolsky,  L.  Tran,  A.  Barany,  H.  Bertram,  and  D.  Bloomquist,  IEEE 
Trans.  Magn.  25,  3160  (1989). 

8C.  Tsang  and  Y.  Tang,  IEEE  Trans.  Magn.  24,  3087  (1988). 

9H.  Hu,  L.  Vo,  and  T.  Nguyen,  IEEE  Trans.  Magn.  30,  3870  (1994). 

10J.  Bain  and  M.  H.  Kryder,  IEEE  Trans.  Magn.  31,  2703  (1995). 

11 P.  Zheng,  J.  Bain,  and  M.  H.  Kryder,  IEEE  Trans.  Magn.  31,  2700  (1995). 
,2H.  Bertram,  Theory  of  Magnetic  Recording  (Cambridge  University  Press, 
Cambridge,  1994),  p.  159. 


5882 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Jayasekara,  Wang,  and  Kryder 


Experimental  studies  of  nonlinearities  in  MR  heads 

Xinzhi  Xing  and  H.  Neal  Bertram 

Center  for  Magnetic  Recording  Research,  University  of  California  at  San  Diego,  La  Jolla, 

California  92093-0401 

Magnetoresistive  (MR)  heads  have  been  widely  developed  for  high  density  digital  magnetic 
recording.  The  nonlinear  MR  head  response  causes  nonlinear  distortion  in  the  playback  signals,  and 
this  results  in  a  degradation  of  system  performance.  In  this  work,  techniques  for  identifying  the 
nonlinearity  due  to  the  playback  process  have  been  developed.  Different  levels  of  nonlinear 
distortion  in  the  playback  signals  were  observed  for  different  head/disk  combinations.  The  behavior 
of  the  MR  nonlinear  distortion  as  a  function  of  flying  height  and  recording  density  was  also 
examined.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)28708-0] 


I.  INTRODUCTION 

In  magnetic  recording,  nonlinear  distortions  in  the  play¬ 
back  signals  cannot  generally  be  corrected  by  equalization; 
therefore  it  is  particularly  important  to  correctly  characterize 
these  effects.  For  rigid  disk  and  magnetoresistive  (MR)  head 
combinations,  both  the  write  and  read  process  can  cause  non¬ 
linear  distortion  in  the  playback  signals.  Previous  studies1-4 
explored  nonlinearities  induced  by  the  write  process.  Few 
studies  have  been  done  on  readback  induced  nonlinearities. 
This  work  concentrates  on  investigating  the  nonlinear  distor¬ 
tion  in  the  playback  signals  due  to  the  readback  process  of 
MR  heads.  The  nonlinear  response  of  an  asymmetric  MR 
(AMR)  head  is  due  to  the  fact  that  the  playback  output  is 
proportional  to  (cos2  9 ),5  where  9  is  the  angle  between  the 
magnetization  and  the  current  direction.  The  average  is  over 
the  active  read  region  of  the  head.  When  the  head  is  properly 
biased  (0—45°),  and  the  signal  field  from  the  medium  is 
small,  the  head  response  can  be  considered  approximately 
linear,  and  linear  analysis  applies.4  However,  when  this  is  not 
the  case,  the  nonlinear  terms  contribute  significantly,  the 
playback  wave  form  will  deviate  from  linearity  and  eventu¬ 
ally  saturate.  The  level  of  this  nonlinear  distortion  changes 
with  the  head  and  disk  parameters,  the  recording  density,  and 
flying  height  d.  In  our  investigation,  the  playback  nonlinear¬ 
ity  was  examined  in  both  the  time  and  frequency  domain  in 
order  to  obtain  a  more  complete  understanding  of  the  play¬ 
back  distortion. 

II.  EXPERIMENTAL  TECHNIQUES 
A.  Time  domain  measurements 

For  a  linear  system, 

Vr(0  =  2  fl/Vi, (t~iT)  (1) 

i 

where  Vr(t )  represents  the  playback  signal  of  the  recorded 
data  pattern,  Vis(t)  is  the  playback  pulse  of  an  isolated  tran¬ 
sition,  and  T  is  the  bit  separation.  at ,  the  write  sequence,  can 
take  three  values  for  each  /,  1,  0,  —  1.  From  Eq.  (1),  the 
playback  wave  form  of  the  recorded  pattern  at  a  given  den¬ 
sity  is  predictable  once  the  isolated  playback  pulse  is  known. 
On  the  other  hand,  by  reversing  the  linear  superposition  pro¬ 
cess,  the  isolated  playback  pulse  can  be  determined  from  the 
playback  wave  form  of  a  recorded  data  pattern. 


The  area  under  the  recorded  playback  wave  form  is  sim¬ 
ply  the  weighted  sum  of  the  areas  of  the  isolated  pulses: 

Ar=  J  Vr(t )dt  =  '2l  at J  Vis(t-iT)dt= 2  «,Ais(0 

(2) 

where  A[s(i)  is  the  area  of  the  ith  isolated  pulse.  For  a  data 
pattern  with  an  odd  number  of  transitions,  Ar  is  independent 
of  T,  and  Ar=Ais .  From  an  approximate  linear  analysis,6  this 
area  is 

Ap  MrS 

Ais=4IR  —  (sin  6)E  ( g  +  t)lv  (3) 

where  I  is  the  sense  current,  R  is  the  resistance  of  the  MR 
element,  A  p/p  is  the  fractional  change  in  the  resistivity,  E  is 
the  efficiency  of  the  MR  head,  g  is  the  element  to  shield 
spacing,  t  is  the  thickness  of  the  MR  element,  and  v  is  the 
relative  velocity  between  the  head  and  disk.  It  should  be 
noted  that  the  area  under  the  playback  pulse  depends  only  on 
the  head  parameters  and  disk  MrS ,  and  is  totally  independent 
of  the  flying  height  d  and  the  recorded  transition  shape. 

In  order  to  identify  the  nonlinear  distortion  from  the  area 
of  playback  wave  form,  an  experimental  technique  based  on 
Eqs.  (2)  and  (3)  was  developed.  In  this  method,  three  adja¬ 
cent  transitions  (tribit)  were  recorded  at  different  bit  separa¬ 
tions.  Areas  under  tribits  of  two  polarities  (Fig.  1)  versus 
recording  density  were  determined.  The  variation  of  these 
two  areas  represents  how  the  total  nonlinear  distortion  in  the 
playback  signal  changes  with  the  recording  density. 

Another  method  of  characterizing  the  nonlinearity  is  the 
shape  analysis  of  the  playback  signal.  A  data  pattern  contain¬ 
ing  two  adjacent  transitions  (dibit)  were  recorded  at  different 
densities.  The  measured  amplitudes  of  the  recorded  dibits 
were  compared  with  two  different  reference  dibits.  The  first 
reference  was  obtained  by  linearly  superimposing  the  mea¬ 
sured  isolated  pulses.  The  second  reference  utilized  a  linear 
superposition  of  theoretically  obtained  isolated  pulses.  In  this 
way  the  nonlinear  distortion  was  identified. 


B.  Frequency  domain  measurement 

In  the  frequency  domain  measurement,  square  waves 
were  utilized  to  study  the  head  nonlinearities.  In  a  linear 
system,  the  spectrum  of  the  playback  signal  is 
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FIG.  1.  (a)  Positive  tribit.  (b)  Negative  tribit. 


V(k)  =  2k0Vis(k )2  S(k-(2m+l)k0)  (4) 

—  oo 

where  £0=7 rlB  and  Vis(k)  is  the  Fourier  transform  of  the 
isolated  playback  signal.5  Only  odd  harmonics  exist. 

Our  measurement  utilizes  a  previously  developed 
method  for  analyzing  nonlinearities.7  Two  square  waves 
were  recorded,  one  at  a  lower  frequency  /,  the  other  at  a 
higher  frequency  (2n  +  l)/,  where  n  is  an  integer.  The  (2 n 
+  l)th  harmonic  of  the  low  frequency  signal  was  compared 
with  the  fundamental  of  the  high  frequency  signal.  To  maxi¬ 
mize  the  sensitivity  of  the  measurement,  n  =  1  was  chosen. 
The  ratio 


tf31  = 


V(3/,l) 
V(f,  3) 


(5) 


is  defined  as  the  three  to  one  ratio.  V(3/,l)  represents  the 
fundamental  of  the  high  frequency  and  V(/, 3)  represents  the 
third  harmonic  of  the  low  frequency. 

From  Eq.  (4),  the  R31  of  a  linear  system  is  3.  Nonlin¬ 
earity  in  the  play  back  signals  results  in  a  deviation  of  the 
R31  value  from  3.  Since  head  nonlinearities  occur  at  low 
density  and  medium  nonlinearities  occur  at  high  density, 
these  two  effects  can  be  distinguished  by  using  this  method. 


III.  MEASUREMENTS 

The  measurements  were  performed  on  a  Guzik  spinstand 
tester.  An  MR  head  with  a  read  track  width  of  3.75  /im,  MR 
element  thickness  of  25  nm,  and  shield  to  shield  spacing  of 
0.55  /xm  was  used.  Two  thin  film  disks  with  MrS  equal  0.9 
memu/cm2  (disk  1)  and  0.65  memu/cm2  (disk  2)  were  se¬ 
lected  for  this  investigation.  Since  high  coercivity,  low  mo¬ 
ment  disks  were  used,  the  medium  nonlinearities  do  not  ap¬ 
pear  until  the  density  reaches  approximately  100  kfci.  Thus, 
in  this  density  range,  we  can  exclude  the  medium  effects  and 
only  consider  the  head  nonlinearities. 
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FIG.  2.  Tribit  areas  vs  recording  density  for  disk  1  and  disk  2. 


IV.  DISCUSSION  AND  RESULTS 
A.  Tribit  area  measurement 

Measured  tribit  areas  of  both  polarities  versus  recording 
density  for  disk  1  and  disk  2  at  a  4.5  /j. "  flying  height  are 
shown  in  Fig.  2.  For  disk  1,  the  areas  of  the  positive  tribit 
and  negative  tribit  are  quite  different  at  low  recording  densi¬ 
ties  since  this  is  where  large  head  nonlinearities  occur.  When 
the  bit  separation  decreases,  overlapping  of  the  adjacent  tran¬ 
sitions  causes  a  smaller  signal  field.  The  less  distorted  MR 
head  response  results  in  a  smaller  difference  between  the  two 
polarities  at  a  higher  recording  density.  These  two  curves 
converge  at  50  kfci  and  remain  constant  at  higher  densities, 
which  suggests  that  nonlinear  head  distortion  disappears 
above  50  kfci.  In  the  linear  region,  the  area  under  the  tribit 
from  measurement  is  19  mV  ns,  and  from  the  linear 
analysis,6  we  expect  20  mV  ns.  Nonlinearity  is  not  observed 
for  the  low  moment  disk  2.  The  area  under  the  tribit  for  disk 
2  obtained  from  measurement  is  13.5  mV  ns,  and  agrees  well 
with  14.4  mV  ns  given  by  the  theory. 

The  tribit  areas  vs  recording  density  at  different  flying 
heights  for  disk  1  are  shown  in  Fig.  3.  At  a  low  flying  height 
of  3.5  /*",  a  larger  separation  between  positive  and  negative 
areas  was  observed,  and  the  convergence  occurred  at  a 
higher  density  of  70  kfci.  This  result  is  understandable,  be- 


FIG.  3.  Tribit  areas  vs  recording  density  for  disk  1.  Solid  curve  and  dashed 
curves  correspond  respectively  to  negative  and  positive  tribit. 
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FIG.  4.  Dibit  amplitude  vs  recording  density.  Solid  curve  ( — )  shows  the 
experimental  results  for  disk  1;  dashed  curve  ( — )  is  the  linear  superposition 
of  measured  isolated  pulses;  dotted  curve  (•••)  is  the  linear  superposition  of 
calculated  pulses. 

cause  the  head  senses  a  larger  signal  field  at  a  lower  flying 
height;  therefore,  the  nonlinear  distortion  in  the  playback  sig¬ 
nal  is  more  severe. 

B.  Dibit  measurement 

Figure  4  shows  the  dibit  measurement  results  for  disk  1 . 
The  solid  curve  is  the  amplitude  of  the  measured  dibits  ver¬ 
sus  recording  density  and  the  dashed  curve  is  the  amplitude 
of  dibits  from  the  linear  superposition  of  measured  isolated 
pulses.  For  comparison,  a  pulse  calculated  from  the  linear 
analysis  theory  was  used  to  create  linear  dibits.  The  result 
from  this  calculation  is  plotted  in  Fig.  4  as  the  dotted  curve 
and  represents  the  behavior  of  a  linear  system. 

The  measured  curve  is  close  to  the  dashed  curve  at  low 
density,  where  large  nonlinearities  exist.  With  increasing 
density,  the  measured  curve  becomes  close  to  the  linear 
curve  as  nonlinear  distortion  decreases.  Linear  head  response 
is  observed  when  the  density  is  larger  than  50  kfci,  where  the 
measured  curve  joins  the  linear  curve. 

C.  Frequency  domain  measurement 

The  three  to  one  ratio  versus  density  for  disk  1  is  plotted 
in  Fig.  5.  The  curve  increases  with  density  and  peaks  at  50 
kfci.  The  nonlinear  distortion  decreases  at  lower  density  in 


FIG.  5.  Three  to  one  ratio  vs  recording  density  for  disk  1. 

the  high  frequency  signal  than  in  the  low  frequency  case. 
The  peak  occurs  where  the  nonlinear  distortion  in  the  high 
frequency  signal  disappears  which  is  50  kfci  in  this  case. 
Media  nonlinearities  enter  the  results  above  80  kfci  where 
R31  falls  below  3. 

V.  CONCLUSIONS 

In  this  work,  techniques  for  characterizing  the  playback 
process  induced  nonlinearity  in  both  time  and  frequency  do¬ 
mains  have  been  developed.  Various  head/disk  combinations 
were  examined  by  using  these  techniques.  For  the  head 
1/disk  1  combination,  nonlinearity  was  observed  below  50 
kfci  at  a  4.5  y u!f  flying  height.  A  lower  flying  height  will 
worsen  the  nonlinear  distortion.  The  linear  analysis  of  MR 
heads  agrees  well  with  the  experimental  results  when  the 
head  is  operating  in  the  linear  region. 
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Micromagnetic  simulations  were  performed  to  study  the  biasing  characteristics  and  playback 
performance  of  actual  dual  spin-valve  GMR  heads.  Both  symmetric  and  asymmetric  dual  spin  valve 
heads  were  analyzed.  The  study  shows  that  the  symmetric  dual  spin-valve  head  is  not  properly 
biased  in  its  patterned  form,  without  any  additional  transverse  biasing  schemes.  On  the  other  hand, 
the  asymmetric  dual  spin  valve  head  is  self-biased  since  in  this  form,  the  free  layer  is  free  from  the 
demagnetizing  fields  arising  from  the  pinned  layers.  However,  opposite  GMR  effects  with  similar 
magnitudes  would  be  required  for  the  two  spin  valve  structures  in  the  same  multilayer  film. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)  15908-4] 


I.  INTRODUCTION 

The  spin-valve  head  has  emerged  as  one  of  the  most 
promising  read  sensors  employing  the  giant  magnetoresistive 
effect  in  magnetic  recording  applications.  The  dual  spin- 
valve  (DSV)  structures  that  further  enhance  the  GMR  effect 
have  been  proposed  and  fabricated.1,2  While  the  magnetic 
properties  look  promising  at  the  sheet  film  level,2  the  actual 
device  performance  of  such  structures  has  not  been  analyzed 
or  demonstrated. 

In  this  work,  micromagnetic  simulations  are  performed 
to  address  the  above  issues.  The  modeling  is  performed  on 
narrow  track  dual  spin  valve  heads  intended  for  future  high 
density  rigid  disk  recording  applications. 

II.  MODEL  AND  SIMULATION 

The  most  basic  dual  spin  valve  consists  of  a  five  layer 
GMR  film  sandwiched  by  two  antiferromagnetic  films.  The 
five  layer  GMR  film  consists  of  three  ferromagnetic  layers 
separated  by  two  thin  conductive  metallic  layers.  The  two 
outer  magnetic  layers  are  exchange  coupled  to  the  antiferro¬ 
magnetic  films.  The  center  ferromagnetic  layer  rotates  freely, 
acting  as  flux  sensing  layer.  Figure  1  shows  the  schematics  of 
the  symmetric  dual  spin-valve  structures.  The  symmetric 
DSV  head  has  the  magnetizations  of  the  outer  magnetic  lay¬ 
ers  pinned  in  the  same  direction,  vertical  to  the  air  bearing 
surface  (ABS),  by  the  antiferromagnetic  films.  A  GMR  ratio 
above  14%  has  been  obtained  experimentally  at  the  sheet 
film  level  with  additional  thin  ferromagnetic  layers  added  on 
each  side  of  the  each  conductive  interlayer  to  enhance  the 
GMR  effect.2 

Here,  only  the  most  basic  DSV  structures  were  modeled. 
The  three  magnetic  layers  are  assumed  to  be  made  of  Per¬ 
malloy  with  Mj=800  emu/cm3  and  unaxial  anisotropy  field 
Hk-  5  Oe.  The  thicknesses  of  the  multilayer  structure  are 
assumed  to  be  4(nm)/2(nm)/7(nm)/2(nm)/4(nm)  for  the 
NiFe/Cu/NiFe/Cu/NiFe  structure  respectively,  unless  men¬ 
tioned  otherwise.  The  three  magnetic  layers  of  the  GMR  film 
are  discretized  into  three  two  dimensional  arrays  of  elements. 
The  thickness  of  each  element  is  the  same  as  the  layer  thick¬ 
ness  and  the  size  of  each  element  is  5  nmX5  nm.  Besides  the 
inclusion  of  the  magnetostatic  interaction,  ferromagnetic  in¬ 


terlayer  exchange  coupling  between  the  three  magnetic  lay¬ 
ers  is  assumed.  The  interlayer  exchange  field  Hfe  is  defined 
as 

H-l5or3  2 

and 

H  2  =  Jff/,(m1  +  m3), 

where  H  are  the  interlayer  exchange  field  acts  on  one  of  the 
layers  and  m  is  the  unit  vector  of  local  magnetization.  Hfe 
defines  the  magnitude  of  the  interlayer  exchange  field.  Be¬ 
tween  each  pair  of  adjacent  layers,  same  magnitude  of  the 
exchange  field  Hfe~  10  Oe  is  assumed.  The  interfacial  ex¬ 
change  coupling  fields  provided  by  the  two  antiferromag¬ 
netic  films  on  the  two  outer  magnetic  layers  were  modeled 
by  unidirectional  fields  of  a  magnitude  500  (Oe)  along  the 
pinning  direction. 

The  head  transfer  curve  is  calculated  with  the  excitation 
field  calculated  from  a  step  transition  in  the  presence  of  the 
soft  magnetic  shields.  For  all  the  calculations,  the  shield- to- 
shield  spacing  is  G  =  0.2  pm.  /The  sensor  structure  has  a 
track  width  of  W-  0.5  pm  and  stripe  height  of  h  =  03  pm, 
unless  mentioned  otherwise. 

Both  types  of  DSV  heads  utilize  abutted  permanent  mag¬ 
net  (PM)  films  as  longitudinal  domain  stabilization.  The  de- 


FIG.  1.  Schematics  of  the  symmetric  dual  spin-valve  structure. 
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Transition  Excitation  MrT  (meum/cm2) 


Transition  Excitation  MrT  (meum/cm2) 


FIG.  2.  Calculated  transfer  curve  of  the  symmetric  dual  spin-valve  head, 
(cos  012)+{cos  #23)  is  the  GMR  output  averaged  over  the  entire  active  region 
where  012  and  023  denote  the  angles  between  the  magnetizations  in  the  layers 
1  (pinned)  and  2  (free)  and  layers  2  and  3  (pinned),  respectively. 


tail  of  the  modeling  with  abutted  PM  film  is  described  in 
Ref.  3.  The  PM  moment  is  optimized  for  maximum  head 
sensitivity  while  maintain  head  stability  without  any  hyster¬ 
esis  and  irreversible  jumps  in  the  calculated  transfer  curve. 

III.  RESULTS  AND  DISCUSSIONS 
A.  Symmetric  dual  spin  valve  structure 

Figure  2  shows  the  calculated  transfer  curve  for  the  sym¬ 
metric  DSV.  As  shown  by  the  curve,  the  head  is  not  properly 
biased.  This  phenomenon  is  due  to  the  demagnetizing  fields 
arising  from  the  two  pinned  layers  acting  on  the  center  free 
layer.  Since  the  magnetizations  of  the  two  outer  layers  are 
exchange  pinned  in  the  same  vertical  direction,  the  demag¬ 
netizing  field  are  reinforcing  each  other  and  rather  strong. 
Due  to  this  field,  at  the  quiescent  state,  the  magnetization  of 
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FIG.  4.  Transfer  curves  calculated  for  different  pinned  layer  thickness.  The 
thickness  of  the  free  layer  is  7  nm. 


the  free  layer  is  oriented  towards  the  opposite  direction  of  the 
magnetizations  in  the  pinned  layer,  as  clearly  shown  in  Fig. 
3.  The  properly  biased  free  layer  should  have  the  magnetiza¬ 
tion  orient  in  the  horizontal  direction. 

Reducing  pinned  layer  thickness  improves  the  biasing 
condition  to  a  certain  degree.  As  shown  in  Fig.  4,  transfer 
curves  were  calculated  for  three  different  pinned  layer  thick¬ 
ness,  assuming  that  both  pinned  layers  are  equally  thick  and 
the  free  layer  thickness  remains  the  same  (<5y=7  nm).  How¬ 
ever,  optimum  biasing  was  obtained  only  when  the  pinned 
layer  thickness  is  nearly  zero. 

Since  the  demagnetizing  field  acting  on  the  free  layer  is 
in  the  opposite  direction  of  the  magnetizations  of  the  pinned 
layers,  bias  condition  can  be  improved  by  increasing  the  in¬ 
terlayer  ferromagnetic  exchange  coupling  between  the  free 
and  pinned  layers.  Figure  5  shows  three  transfer  curves  with 
different  interlayer  ferromagnetic  exchange  field.  As  the  ex¬ 
change  field  increases,  the  bias  condition  does  increase,  but 
not  without  reducing  the  linear  dynamic  range  of  the  output. 
At  Hfe  —  80  Oe  interlayer  exchange  coupling  field,  the  head 
become  properly  biased,  but  the  linear  dynamic  range  of  the 
output  has  decreased  by  near  50%. 

The  most  effective  way  to  bias  the  symmetric  spin  valve 
head  is  to  apply  an  external  field,  e.g.,  by  employing  a  cur¬ 
rent  carrying  conducting  film  near  the  sensor  film  which  pro¬ 
vide  a  rather  uniform  external  field  to  the  sensor.  Here,  a 


FIG.  3.  Magnetization  configurations  at  quiescent  state  of  a  symmetric  dual 
spin  valve  head.  Due  to  the  demagnetizing  field,  the  magnetization  of  the 
free  layer  rotates  downward  away  from  the  horizontal. 


FIG.  5.  Transfer  curves  calculated  for  three  different  interlayer  ferromag¬ 
netic  exchange  coupling  strength.  Same  coupling  field  is  assumed  between 
the  free  and  the  pinned  layers  across  the  two  conductive  interlayers. 
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FIG.  6.  Transfer  curves  calculated  for  three  magnitudes  of  the  external  FIG.  8.  Calculated  transfer  curve  of  the  asymmetric  dual  spin  valve  head, 
transverse  bias  field:  Hb- 0  Oe,  Hb~  100  Oe,  and  Hb=  165  Oe.  The  output  is  calculated  according  to  (cos  0!2}“(cos  023),  assuming  the  dual 

spin  valve  has  opposite  GMR  effect  with  same  magnitude. 


series  of  transfer  curves  are  calculated  with  different  magni¬ 
tudes  of  an  uniform  external  field,  applied  in  the  upward 
vertical  direction,  as  shown  in  Fig.  6.  For  the  head  geometry 
simulated  here,  an  external  field  magnitude  of  Hb =  165  Oe  is 
needed  to  properly  bias  the  head. 

B.  Asymmetric  dual  spin  valve  structure 

Figure  7  shows  the  schematics  of  the  asymmetric  dual 
spin- valve  structures.  The  asymmetric  DSV  has  the  magne¬ 
tizations  of  the  outer  magnetic  layers  pinned  in  the  opposite 
vertical  direction.  For  the  asymmetric  DSV,  the  GMR  effect 
between  the  two  pairs  of  magnetic  layers  is  assumed  to  have 
opposite  sign  with  exact  same  magnitude,  even  though  to 
date,  observed  inverse  GMR  effects  are  significantly  smaller 
than  the  ordinary  GMR  effect.4  The  thickness  of  the  free 
layer  is  7  nm  and  the  thicknesses  of  the  pinned  layers  are  4 
nm  with  same  magnetic  parameters  (used  for  symmetric 
DSV  calculation).  The  output  is  calculated  as 

GMRoutput=  —  ((cos  012)-(cos  023». 

Figure  8  shows  a  calculated  transfer  curve  for  the  asym¬ 
metric  dual  spin-valve  head  structure.  As  shown  by  the  trans- 


FIG.  7.  Schematics  of  the  asymmetric  dual  spin-valve  head  structure. 


fer  curve,  the  head  is  self  biased,  because  the  demagnetizing 
fields  arising  from  the  oppositely  pinned  outer  magnetic  lay¬ 
ers  cancel  each  other  at  the  free  layer.  In  another  words,  the 
magnetizations  of  the  two  outer  layers  form  a  flux  closure 
with  little  impact  to  the  free  layer.  If  the  sense  current  flows 
in  the  direction  such  that  it  reinforces  the  flux  closure  rather 
than  opposing  it,  the  self  biasing  is  stable  and  efficient. 

IV.  SUMMARY 

Micromagnetic  simulations  were  performed  to  study  the 
biasing  characteristics  and  playback  performance  of  actual 
dual  spin  valve  GMR  heads.  Both  symmetric  and  asymmet¬ 
ric  dual  spin- valve  heads  were  analyzed.  The  study  shows 
that  the  symmetric  dual  spin-valve  head  is  poorly  biased  in 
its  patterned  form,  without  any  additional  transverse  biasing 
schemes.  This  phenomenon  is  seen  on  both  unshielded  and 
shielded  devices  and  is  due  to  the  demagnetizing  field  acting 
on  the  free  layer  from  the  pinned  layers  on  both  sides.  The 
existing  interlayer  ferromagnetic  exchange  coupling  is  too 
small  to  counterbalance  the  demagnetizing  field.  On  the 
other  hand,  the  asymmetric  dual  spin-valve  head  is  self- 
biased  since  in  this  form,  the  free  layer  is  free  from  the 
demagnetizing  fields  arising  from  the  pinned  layers.  How¬ 
ever,  opposite  GMR  effect  with  similar  magnitudes  would  be 
required  for  the  two  spin  valve  structures  in  the  same 
multilayer  film. 
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Sensing  elements  which  are  0.20  jam  wide  have  been  fabricated  from  giant  magnetoresistance 
material  that  has  four  magnetic  layers  separated  by  16-17  A  copper  alloy  layers.  The  material  has 
a  bulk  magnetoresistive  coefficient  of  12%-15%,  and  when  etched  into  the  0.2-/xm-wide  stripes,  the 
stripe  material  has  a  shifted  linear  response  range  of  about  8%,  extending  from  -140  to  +140  Oe, 
for  example.  Empirical  models  have  been  developed  for  both  the  bulk  material  and  the  stripe 
material.  Using  the  stripe  material  model,  a  numerical  analysis  was  performed  for  end-on, 

0.2-^m-wide,  read  head  sensors  in  a  shielded  read  head  with  a  0.25  jam  head  gap.  The  analysis 
shows  that  with  input  fields  of  ±100  Oe  from  transitions,  a  peak  to  peak  output  of  0.85  mV  can  be 
achieved  in  the  assumed  read  head  structure  with  a  0.20-^tm-wide  tip.  If  a  0.25  jam  flux  gathering 
tip  is  used,  the  peak  to  peak  output  can  be  increased  to  1.3  mV.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)12108-8] 


I.  INTRODUCTION 

An  experimental  and  analytical  investigation  has  been 
made  on  the  use  of  0.2- ^m- wide,  four  magnetic  layer,  giant 
magnetoresistance  (GMR)  stripes  in  end-on  read  head  sen¬ 
sors  in  which  the  stripes  are  perpendicular  to  the  recording 
surface.1  Figure  1  depicts  such  a  head  sensor  structure  with  a 
flux  gathering  front  tip  and  contact  at  the  air  bearing  surface. 
The  figure  also  illustrates  the  use  of  the  sense  current  in  a  0.2 
jam  winding  to  generate  a  bias  field.  The  front  contact  pro¬ 
tects  the  active  part  of  the  sensor  from  abrasion  but  at  the 
expense  of  signal  attenuation.  A  numerical  analysis  was  per¬ 
formed  for  the  end-on  read  head  sensors  using  this  material 
in  a  shielded  read  head  with  a  0.25  jam  head  gap.  A  0.2  jam 
contact  at  the  air  bearing  surface  and  a  1 .25  mA  sense  current 
also  were  assumed.  The  analysis  also  included  the  effects  of 
a  field  dependent  permeability.  Assuming  state  of  the  art  li¬ 
thography  and  advanced  fabrication  methods,  this  work 
shows  that  with  signal  fields  of  ±100  Oe  from  recorded  tran¬ 
sitions,  peak  to  peak  signal  swings  of  1  mV  can  be  achieved 
for  submicron  sensors  and  track  widths. 

Electron  (e)  beam  lithography  was  employed  to  define 
the  0.2  jam  stripes  used  to  perform  the  experimental  mea¬ 
surements.  However,  the  fabrication  capability  to  form  the 
0.2-^tm-wide  front  contact  and  the  0.2-/um-wide  bias  wind¬ 
ing  was  not  available.  The  effects  of  the  front  contact  and 
bias  winding  were  treated  analytically. 


two  15-A-thick  cobalt-rich  layers.  The  material  has  a  bulk 
magnetoresistive  coefficient  of  12% -15%  and  a  sheet  resis¬ 
tance  of  12-14  fl  per  square. 

Figures  2(a)  and  2(b)  illustrate  typical  M-R  responses 
for  sheet  samples  using  a  four-point  probe  method.  The  satu¬ 
ration  field  typically  could  be  varied  from  100  to  500  Oe 
depending  on  deposition  conditions  and  the  nonmagnetic 
layer  thickness.  The  small  switching  transitions  occurring  at 
field  magnitudes  of  5-10  Oe  correspond  with  the  coercive 
force  of  the  bulk  sample.  The  measured  remnant  magnetiza¬ 
tion  was  approximately  25%  of  the  saturated  value. 

Figure  3  shows  a  scanning  electron  microscope  picture 
of  a  section  of  a  nominal  0.2-yttm-wide,  six-contact,  100- jam- 
long  test  structure  used  for  the  measurements.  Structures  var¬ 
ied  in  width  from  0.17  to  0.22  jam.  When  etched  into  the 
0.2-/zm-wide  stripes,  the  material  illustrated  in  Fig.  2(a)  had 
a  linear  range  of  about  8%  extending  from  about  —140  to 
+  140  Oe,  as  illustrated  in  Fig.  4.  Note  that  the  switching  is 
very  abrupt  and  occurs  at  the  ±140  Oe  values.  On  other  0.2 
jam  samples,  switching  occurred  in  the  100-150  Oe  range. 


II.  EXPERIMENTAL  RESULTS 

Experimentally,  0.20-yum-wide  sensing  elements  were 
fabricated  from  GMR  materials  that  contained  four  magnetic 
structures  separated  by  16-17-A-thick  copper  alloy  layers 
(Cu,  Ag,  Au).  The  outside  magnetic  structures  were  55  A 
thick  and  had  40-A-thick  ternary  layers  (65%  Ni,  15%  Fe, 

20%  Co)  and  15-A-thick  cobalt-rich  layers  (95%  Co,  5%  Fe) 
at  the  interfaces.  The  two  interior  magnetic  structures  were 
50  A  thick  with  a  20  A  ternary  layer  sandwiched  between  FIG.  1.  Head  sensor  configuration. 
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FIG.  2.  Bulk  sample  GMR  response. 


FIG.  4.  Stripe  M-R  response. 


III.  EMPIRICAL  MODELS  AND  ANALYSIS 
A.  Bulk  model 

Generally  within  a  10%  experimental  error,  the  bulk 
magnetic  properties  of  the  GMR  material  examined  could  be 
characterized  by  assigning  to  every  magnetic  layer  the  same 
antiparallel  coupling  field  H3  and  the  same  parallel  coupling 
field  H2  with  their  axes  perpendicular  to  one  another.2  These 
two  parameters  were  suffice  to  characterize  the  M-R  re¬ 
sponse  to  the  field,  the  field  to  saturate  the  response,  the 
remnant  magnetization,  the  magnetization  curve,  the  rest  di¬ 
rections  of  the  magnetization,  and  the  field  at  which  switch¬ 


FIG.  3.  Scanning  electron  microscope  picture  0.2  jiim  stripe. 
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ing  occurs.  If  Hw  is  the  drive  field  and  M  is  the  saturation 
magnetization,  the  energy  density  ( E  in  erg/cm3)  is  given  by 

E=H3M |sin3  0|/3 -H2M  sin2  0/2 ~HWM  sin  0, 

where  0  is  the  angle  of  the  magnetization  with  respect  to  an 
axis  perpendicular  to  the  applied  field  and  the  material  an¬ 
isotropy  constant  is  lumped  into  the  H2  constant.  With  no 
field  applied,  the  two  rest  directions  of  the  magnetization  are 
given  by  |sin  0|  =H2IH3  and  switching  occurs  when  the  re¬ 
versing  field  is  given  by  \HW\  =  H2H2/(4H3).  The  sin30 
term  was  chosen  on  the  basis  of  a  simple  fit  to  the  experi¬ 
mental  data.  The  bulk  curve  of  Fig.  5  illustrates  the  calcu- 


FIG.  5.  Calculated  stripe  response. 
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lated  response  for  material  with  parameters  close  to  those 
measured  for  the  experimental  sample  indicated  in  Fig.  2(a). 

B.  Stripe  model 

When  the  material  is  etched  into  narrow  stripes,  ex¬ 
change  energy  and  demagnetizing  effects  from  the  curling  of 
the  magnetization  at  the  edges  greatly  alter  the  M-R  behav¬ 
ior  of  the  material  as  noted  in  the  experimental  results  indi¬ 
cated  in  Fig.  4.  The  four  magnetic  layer  stripe  structure  was 
modeled  as  two  identical,  paired,  magnetic  layers  coupled  by 
a  common  demagnetizing  field  arising  at  the  edges.  It  was 
also  assumed  that  alternate  magnetic  layers  rotated  with 
equal  magnitude  but  in  opposite  directions.  Because  the 
equivalent  magnetic  poles  at  the  layer  edges  are  of  alternate 
polarity,  the  demagnetizing  field  diminishes  rapidly  with  dis¬ 
tance  into  the  material;  the  effective  range  of  the  field  is  less 
than  50  A.  The  same,  average,  short  range,  field  value  was 
used  for  all  layers  in  the  analysis.  Also,  the  net  field  from  the 
sense  current  ( Hs )  assumed  a  uniform  current  density. 

The  maximum  torque  which  can  be  sustained  from  the 
edge  demagnetizing  field  occurs  when  the  edge  magnetiza¬ 
tion  makes  a  45°  angle  with  the  edge.  If  this  value  is  ex¬ 
ceeded,  the  edge  magnetization  flips.  The  0.2  /zm  stripe 
curve  of  Fig.  5  shows  the  calculated  response  and  switching 
behavior  for  the  parameters  given.  Stripe  response  was  cal¬ 
culated  from  the  torque  equation3  for  the  magnetization  with 
the  constraint  that  the  torque  from  the  edge  demagnetizing 
field  be  sufficient  for  equilibrium.  At  the  end  of  a  stripe,  the 
edge  magnetization  tips  out  and  the  magnetization  in  the 
center  of  the  stripe  tips  back  in  response  to  the  end  demag¬ 
netizing  field.  For  the  0.2-/zm-wide  tip  with  pinned  edges, 
the  equilibrium  end  demagnetizing  field  is  50-75  Oe  and  for 
the  0.25  /z m  tip  it  is  25-50  Oe. 

Because  of  the  effects  of  exchange  and  the  edge  demag¬ 
netizing  fields,  the  average  permeability  of  the  stripe  material 
in  response  to  a  field  along  the  stripe  is  a  nonlinear  function 
of  the  applied  field.  Figure  6  depicts  the  calculated  average 
permeability  of  a  0.2-/zm-wide  stripe  with  unpinned  edges 
and  a  0.25-/zm-wide  stripe  with  pinned  edges.  To  prevent 
switching,  the  edges  must  be  pinned  in  the  sensor  contact 
area  (a  proprietary  process). 

C.  Head  sensor  response 

To  calculate  the  response  of  a  0.2-/zm-wide  sensor,  a 
0.25  /z m  gap  between  shields  was  assumed  with  the  shield 
separation  distance  increasing  to  0.50  /zm  immediately  after 
the  front  contact  in  an  arrangement  where  the  front  contact  is 
integral  with  the  top  pole  piece.4  A  nonuniform  transmission 
line  model  was  used  which  took  into  account  the  pinned 
edges  in  the  contact  area,  the  increased  gap  beyond  the  con¬ 
tact  area,  and  the  field  dependent  permeability.  Calculations 
were  performed  for  tip  widths  of  0.2  and  0.25  /zm.  The  0.2- 
/zm-wide  bias  winding  was  assumed  to  be  located  0.2  /zm 
behind  the  front  contact  midway  between  the  M-R  stripe 
and  the  shield.  The  method  of  images  was  used  to  calculate 
the  field  from  the  bias  winding. 

For  the  0.25-/zm-wide  flux  gathering  tip  with  pinned 
edges,  an  average  permeability  of  60  and  a  decay  length  of 


T  =  50  8;  S  =  16  X 

PERMEABILITY 


FIG.  6.  Stripe  average  permeability. 


0.28  /zm  was  used  in  the  simulation.  For  the  case  of  the 
0.20-/zm-wide  pinned  tip,  an  average  permeability  of  45  and 
a  decay  length  of  0.25  /zm  were  assumed.  Beyond  the  con¬ 
tact  area,  the  0.2-/zm-wide  stripe  with  unpinned  edges  was 
assumed  to  have  a  permeability  of  80  for  fields  above  50  Oe 
and  a  permeability  of  40  for  fields  below  50  Oe.  The  corre¬ 
sponding  decay  lengths  were  0.45  and  0.32  /zm.  These  aver¬ 
age  values  were  calculated  for  materials  with  H2-  200  Oe 
and  H2  =  75  Oe,  values  similar  to  those  of  the  material  indi¬ 
cated  in  Fig.  2(b).  The  analysis  showed  that  with  input  fields 
of  ±  100  Oe  from  transitions  and  a  sense  current  of  1.25  mA, 
the  calculated  peak  to  peak  output  for  the  0.20-/zm-wide  tip 
is  0.85  mV.  If  a  0.25  /zm  flux  gathering  tip  is  used,  the  peak 
to  peak  output  is  1.3  mV. 

IV.  SUMMARY 

The  experimental  and  analytical  results  obtained  in  this 
work  show  that  with  advanced  fabrication  methods  and  ex¬ 
isting  four  magnetic  layer  GMR  materials  with  12% -15% 
M-R  coefficients,  shielded,  end-on  read  head  sensors  with 
tip  widths  of  0.2  and  0.25  /zm  can  be  made  to  yield  peak  to 
peak  outputs  of  approximately  1  mV  for  an  input  field  of 
±100  Oe  when  operating  at  a  1.25  mA  sense  current. 
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The  magnetic  domain  structures  and  their  switching  processes  of  small  peamalloy  (NiFe)  elements 
exchange  coupled  by  antiferromagnetic  (NiO)  thin  films  were  studied  using  magnetic  force 
microscopy.  A  uniform  external  magnetic  field  generated  by  an  electromagnet  was  applied  to  the 
magnetic  force  microscopy  so  that  the  domain  switching  processes  could  be  observed  in  situ.  The 
effects  of  NiFe  film  thickness,  element  size,  and  aspect  ratio  on  domain  behavior  were  investigated. 

It  was  found  that  the  unidirectional  exchange  coupling  field  of  small  elements  was  much  greater 
than  that  measured  on  the  sheet  bilayer  films.  The  results  of  this  study  showed  little  indication  of  the 
existence  of  domain  structure  in  NiO  antiferromagnetic  film.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)  12208-4] 


I.  INTRODUCTION 

Antiferromagnetic  films  are  used  in  variety  of  applica¬ 
tions.  One  of  their  main  applications  is  to  generate  an  unidi¬ 
rectional  exchange  anisotropy  within  adjacent  soft  magnetic 
films,  either  stacked  on  top  or  underneath,  through  the  inter¬ 
facial  exchange  coupling,  i.e.,  to  maintain  the  magnetization 
configuration  of  a  soft  film  in  a  single  domain  state,  such  as 
used  for  domain  stabilization  in  a  magnetoresistive  head  for 
magnetic  recording  a  pplications.1  However,  the  interfacial 
exchange  coupling  is  usually  two  to  three  orders  of  magni¬ 
tude  smaller  than  the  interatomic  spin-to-spin  exchange  cou¬ 
pling.  The  interfacial  exchange  coupling  field  is  only  at  the 
order  of  tens  to  hundreds  of  oersteds.  The  properties  of  the 
exchange  coupling  have  been  studied  extensively  and  vari¬ 
ous  mechanisms  have  been  proposed.2,3  Some  antiferromag¬ 
netic  films  not  only  yield  pure  shifts  of  the  easy  axis  hyster¬ 
esis  loops,  but  also  expansion  of  the  hysteresis  loop;  i.e.,  the 
coercivity  of  the  adjacent  soft  film  is  increased.  A  NiO  anti¬ 
ferromagnetic  film  is  one  such  example.  Whether  the  inter¬ 
facial  exchange  coupling  affects  the  magnetization  switching 
processes  of  the  adjacent  soft  magnetic  film  in  addition  to  the 
shift  due  to  the  ideal  unidirectional  exchange  anisotropy  has 
remained  unclear. 

In  attempting  to  address  these  issues,  we  investigated  the 
magnetization  switching  processes  of  NiFe/NiO  bilayer  films 
which  were  patterned  to  micronscale  rectangular  elements 
via  the  magnetic  force  microscopy  (MFM)  technique.  The 
focus  was  to  understand  the  domain  reversal  processes  of 
various  NiFe  elements  in  the  presence  of  interfacial  ex¬ 
change  coupling  under  an  uniform  external  field. 


II.  EXPERIMENT 

Thin  films  were  deposited  on  Si  substrates  using  rf  sput¬ 
tering.  The  base  pressure  before  sputtering  was  about 
4X10-7  Torr.  All  films  were  deposited  at  room  temperature. 
The  Ar  pressure  was  10  mTorr  for  all  film  depositions  except 
NiO.  During  the  deposition  of  the  NiFe  thin  film,  a  magnetic 
field  (about  20  Oe)  was  applied  to  the  sample  by  using  two 
permanent  magnets  resulting  in  an  unidirectional  anisotropy 
along  the  field  direction. 


NiO  antiferromagnetic  thin  films  were  deposited  using 
reactive  sputtering.  The  deposited  NiO  thin  films  were  mea¬ 
sured  using  a  vibrating-sample  magnetometer  (VSM)  and  the 
presence  of  the  antiferromagnetic  phase  was  confirmed.  In 
this  study,  all  NiO  thin  films  were  prepared  under  the  same 
conditions  and  the  thicknesses  of  all  NiO  films  were  80  nm. 
The  grain  size  of  the  NiO  thin  film  was  about  20  nm  mea¬ 
sured  by  atomic  force  microscopy.  It  was  found  that  the  NiO 
grains  were  elongated. 

After  the  deposition,  small  elements  with  varying  sizes 
ranging  from  2  jam  to  200  and  varying  aspect  ratios  were 
fabricated  using  photolithography  and  ion  milling.  In  the 
photolithographic  process,  the  samples  were  heated  at  90  °C 
for  30  min. 

All  domain  structures  were  imaged  using  a  Digital  In¬ 
strument  Nanoscope  III.  An  electromagnet  was  designed  to 
attach  to  the  MFM  to  apply  an  uniform  magnetic  field  to  the 
samples  so  that  domain  switching  processes  could  be  ob¬ 
served  in  situ.  Magnetic  fields  as  high  as  500  Oe  could  be 
obtained  by  controlling  an  applied  current.  The  lift  height  of 
the  MFM  tip  was  100  nm  for  all  images  shown  in  this  paper. 
The  tips  were  magnetized  in  a  large  field  in  the  direction 
parallel  to  the  film  plane  and  perpendicular  to  the  cantilever. 


(a)  H=  0  Oe  (b)  H=  54  Oe  (c)  H=  106  Oe 


FIG.  1.  Domain  structures  of  NiFe  single  layer  (20  nm  thick)  element  (10 
yumX  20  pm)  under  external  magnetic  field.  The  arrow  shows  positive  ex¬ 
ternal  field  direction  and  also  corresponds  to  the  magnetic  easy  axis  of  the 
element  (likewise  in  the  following  figures). 


5892  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)/5892/3/$1 0.00 


©  1996  American  Institute  of  Physics 


f  ’zr  ate  hmw— aB 

(d)  H=150  Oe  (e)  H=192  Oe  (!)  H=275  Oe 


FIG.  2.  Magnetization  switching  process  of  20  ntn  thick  NiFe  element  (10 
/LtmX20  yu.m)  exchange-coupled  with  a  80  nm  NiO  antiferromagnetic  layer. 
The  unidirectional  exchange  coupling  field  was  antiparallel  to  the  arrow 
direction  (likewise  in  the  following  figures).  The  exchange  coupling  field  of 
the  sheet  film  was  about  14  Oe. 


III.  MAGNETIZATION  REVERSAL  OF  NiFe  SINGLE 
LAYER  FILM 

Figure  1  shows  three  MFM  images  of  the  magnetic  do¬ 
main  configurations  for  a  patterned  NiFe  single  layer  film 
element  (10  fin iX20  /mn).  The  three  images  correspond  to 
three  different  magnitudes  of  the  external  field,  which  was 
applied  along  the  film  easy  axis  direction.  At  zero  external 
field  [Fig.  1(a)],  a  typical  closure  domain  configuration  is 
observed  and  the  film  is  in  a  self-demagnetized  state.  As  the 
external  field  increases,  the  domains  with  magnetization  par¬ 
allel  to  the  field  expand  [Fig.  1(b)].  At  H=  106  Oe  [Fig. 
1(c)],  a  quasisingle  domain  state  is  reached  with  only  edge 
domains  remaining  at  both  ends  of  the  element. 

IV.  MAGNETIZATION  REVERSAL  OF  NiFe/NiO 
BILAYER  FILM 

Three  different  NiFe/NiO  bilayer  films  were  deposited, 
with  thickness  of  the  NiFe  layer  10  nm,  20  nm,  and  30  nm 
respectively  while  keeping  the  NiO  layer  the  same  thickness. 
The  exchange  fields,  measured  by  the  shift  of  the  easy  axis 
hysteresis  loop  with  a  VSM,  are  24,  14,  and  9  Oe,  respec¬ 
tively  for  the  three  sheet  films  before  patterning.  The  coer- 
civities  of  the  NiFe  films  expanded  a  little  (by  about  5  Oe). 

A.  Comparison  with  NiFe  single  layer  film 

Figure  2  shows  a  series  of  MFM  images  of  the  bilayer 
film  element.  The  thickness  of  the  NiFe  film  was  20  nm  same 
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(d)  H=106Oe  (e)  H=192Qe  (f)  H=2310e 


FIG.  3.  Magnetization  switching  process  of  a  30  nm  thick  NiFe  element  (10 
//,mX20  i± m)  exchange  coupled  with  a  80  nm  NiO  antiferromagnetic  layer. 
The  exchange  coupling  field  of  the  sheet  film  was  about  9  Oe. 


as  that  in  the  single  layer  film  with  the  same  element  size  (10 
(i mX20  /mi).  The  interfacial  exchange  field  was  in  the  op¬ 
posite  direction  of  the  positive  external  field.  At  zero  external 
field  [Fig.  2(b)],  a  quasisingle  domain  configuration  with 
edge  domains  remaining  at  the  ends  was  observed.  This  in¬ 
dicates  that  the  magnitude  of  the  interfacial  exchange  field  is 
greater  than  106  Oe  which  kept  the  single  layer  element  in  a 
similar  single  domain  state.  The  complete  demagnetized  state 
with  closure  domains  is  formed  at  a  field  magnitude  of  192 
Oe  [Fig.  2(e)].  It  is  interesting  to  note  that  the  interfacial 
exchange  field  in  the  patterned  elements  is  nearly  one  order 
of  magnitude  greater  than  that  measured  on  the  sheet  films. 
Two  other  elements  of  the  same  size  on  the  same  bilayer  film 
were  examined  and  similar  results  were  obtained.  This  sur¬ 
prising  difference  between  the  interfacial  exchange  field  of 
the  sheet  film  and  the  small  element  was  not  caused  by  the 
patterning  process.  The  exchange  field  of  a  sheet  film  sub¬ 
jected  to  a  the  heating  procedure  similar  to  that  in  the  pat¬ 
terning  process  did  not  exhibit  any  significant  change. 


B.  Effect  of  NiFe  film  thickness 

Figure  3  shows  the  domain  configurations  in  a  bilayer 
film  element  with  a  NiFe  film  thickness  of  30  nm.  In  this 
case,  at  zero  external  field,  the  quasisingle  domain  state 
could  no  longer  be  achieved  [Fig.  3(b)].  This  is  due  to  the 
combined  factors  of  stronger  demagnetizing  field  in  the 
single  domain  state  and  an  effective  reduction  of  the  interfa¬ 
cial  exchange  coupling  field  due  to  the  thicker  NiFe  film 
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(d)  H=  89  Oe  (e)H=100  0e  (f)  H=178  Oe 


FIG.  4.  Magnetization  switching  process  of  a  30  nm  thick  NiFe  element 
(20^mX40  /am)  exchange  coupled  with  a  80  nm  NiO  antiferromagnetic 
layer. 

since  the  exchange  coupling  field  arises  only  from  interfacial 
energy.  The  coercive  state  [Fig.  3(e)]  occurs  at  an  external 
field  of  106  Oe  which  is  smaller  than  that  for  20  nm  thick 
NiFe  film  with  same  element  size  (192  Oe)  mainly  due  to  the 
smaller  exchange  coupling  field. 

For  the  10  nm  thick  NiFe  film,  the  domain  switching 
process  was  very  difficult  to  observe  because  of  the  large 
exchange  coupling  field.  The  single  domain  state  was  broken 
at  about  400  Oe  applied  external  field. 

C.  Effect  of  element  size 

Figure  4  shows  the  magnetization  switching  process  of  a 
bilayer  film  element  with  a  size  of  20  /amX40  /zm.  The 
thickness  of  NiFe  layer  was  30  nm.  In  contrast  to  the  10 
/z mX20  /am  element  (Fig.  3),  the  quasisingle  domain  is 
formed  in  the  20  /zmX40  /zm  element  at  zero  external  field 
due  to  a  smaller  demagnetization  field  in  the  middle  of  the 
element.  It  should  be  noticed  that  a  central  domain  is  formed 
at  coercive  state  in  the  big  element  while  the  closure  domain 
structure  is  formed  in  the  small  element.  Cross-tie  structures 
are  almost  evenly  distributed. 


(c)  H=  0  Oe  (d)  H=  29  Oe 


(e)  H=  120  Oe  (f)  H=  216  Oe 

FIG.  5.  Magnetization  switching  process  of  a  30  nm  thick  NiFe  element  (20 
fjmX  10  /xm)  exchange  coupled  with  a  80  nm  NiO  antiferromagnetic  layer. 

D.  Effect  of  aspect  ratio 

Figure  5  shows  the  magnetization  reversal  process  of  a 
20  /zmX  10  /zm  element  with  30  nm  thick  NiFe  layer.  At  zero 
external  field,  a  multidomain  structure  is  formed  due  to  the 
large  demagnetization  field.  In  order  to  achieve  a  single  do¬ 
main  state,  an  external  field  of  about  200  Oe  needs  to  be 
applied  in  the  exchange  coupling  field  direction. 

V.  CONCLUSIONS 

Magnetic  domain  reversal  processes  in  patterned  ex¬ 
change  coupled  NiFe/NiO  bilayer  film  elements  have  been 
investigated  via  in  situ  magnetic  force  microscopy.  It  was 
found  that  the  unidirectional  exchange  anisotropy  field  of  the 
patterned  small  elements,  arising  from  the  interfacial  ex¬ 
change  coupling,  is  significantly  greater  than  that  measured 
on  the  sheet  bilayer  films.  For  multidomain  states,  cross-tie 
structures  were  particularly  prominent  in  the  NiFe  layer  of 
the  NiFe/NiO  bilayer  film  elements  while  they  were  rarely 
observed  in  the  NiFe  single-layer  film  for  identical  film 
thicknesses.  The  “well-behaved”  domain  configurations  in 
the  NiFe  layer  of  the  exchange-coupled  bilayer  film  elements 
gave  little  indication  of  the  existence  of  antiferromagnetic 
domains  in  the  NiO  film. 
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Domain  structures  at  the  cross  sections  of  thin  film  inductive 
recording  heads 

Francis  H.  Liu,  Hua-Ching  Tong,  and  Lena  Milosvlasky 

Read-Rite  Corporation ,  Fremont,  California  94539 

Using  a  scanning  Kerr  effect  microscope  with  external  ac-tickle  field  excitation,  zigzagged  and 
slanted  intersections  of  domain  walls  were  observed  at  the  symmetry-axis  cross  sections  of  thin  film 
inductive  heads.  These  domain  walls  are  believed  to  be  the  intersections  of  edge-closure  domain 
walls,  with  the  magnetization  on  the  two  sides  of  the  walls  (or  lines)  oriented  in  “head-to-head”  or 
“tail-to-tail”  configurations.  They  are  thus  slanted  or  zigzagged  in  order  to  spread  the  charges  along 
the  walls  over  a  larger  region,  thereby  reducing  magnetostatic  energy.  This  interpretation  is  further 
evident  by  the  observation  that  upon  applying  a  small  dc  bias  field  in  the  symmetry-axis  direction, 
the  slanted  or  zigzagged  intersections  of  domain  walls  were  observed  to  displace  according  to  the 
field  direction,  and  sometimes  deformed  to  different  configurations.  Upon  lapping  the  heads  from 
their  air-bearing  surfaces,  slanted  domain  walls  at  the  sloped  backgap  cross  sections  were 
occasionally  observed.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)  12308-0] 


INTRODUCTION 

The  readback  noise  in  thin  film  inductive  recording 
heads,  such  as  popcorn  and  wiggle  noise,  has  been  correlated 
with  magnetic  domains  and  their  dynamic  behavior.1,2  How¬ 
ever,  only  the  dynamic  response  of  domain  walls  at  the  top- 
yoke  surfaces,  sloped  pole- tip  surfaces  and  air-bearing  sur¬ 
faces  (ABS)  were  typically  observed.  Domain  walls  at 
various  depth  of  thin  film  heads  have  been  observed  by  using 
an  electron  microscope;3  complete  depth  profiles  of  domain 
walls  in  thin  film  heads,  however,  have  yet  to  be  reported.  In 
this  report,  for  the  first  time,  we  report  the  domain  wall  depth 
profiles  observed  directly,  by  using  scanning  Kerr  effect  mi¬ 
croscopy  (SKEM),  at  the  symmetry-axis  cross  sections  of  top 
(P2)  and  bottom.  (PI)  permalloy  yokes,  as  well  as  at  the 
ABS-side  cross  sections  of  sloped  backgap  region. 

EXPERIMENTAL  METHODS 

A  SKEM  was  used  to  image  the  dynamic  domain  struc¬ 
tures  in  thin  film  heads.  A  ferrite-core  electromagnet,  at¬ 
tached  to  the  objective,  was  used  to  generate  uniform  exter¬ 
nal  magnetic  tickle  field  of  50  Oe  peak  to  peak  at  0.5  MHz, 
which  in  turn  modulate  the  magnetization  in  thin  film  heads. 
Using  longitudinal  Kerr  effect,  average  magnetization  dy¬ 
namics  in  response  to  the  high  frequency  tickle  field  was 
thus  mapped  out.  A  lapping  and  polishing  process  similar  to 
that  in  throat  height  definition  was  typically  used  to  obtain 
the  cross  sections  at  symmetry  axis  and  that  lapped  from 
ABS.  With  external  field  excitation  and  the  plane  of  laser 
beam  incidence  both  in  the  direction  of  symmetry  axis,  dy¬ 
namic  domain  wall  structures  observed  at  the  symmetry-axis 
cross  section  can  thus  be  obtained. 

RESULTS 

The  symmetry-axis  cross  section  of  head  A  and  its  cor¬ 
responding  domain  configuration  are  shown  in  Figs.  1(a)  and 
1(b),  respectively.  In  head  A,  domain  walls  were  observed  to 
be  slanted  all  in  the  same  orientation  (yet  with  slightly  dif¬ 
ferent  angles),  as  shown  in  Fig.  1(b).  The  corresponding  do¬ 


main  structures  of  Fig.  1(b)  imaged  from  the  deposition  side, 
both  before  and  after  lapping,  are  shown  in  Figs.  2(a)  and 
2(b),  respectively.  Closure  domain  structures  were  observed 
before  and  after  cross  sectioning.  Based  on  the  domain  im¬ 
ages  observed  in  Figs.  1(b)  and  2(b),  a  schematic  interpreta¬ 
tion  of  a  section  of  the  P2  domain  structure  is  shown  in  Fig. 
3. 

The  domain  configuration  of  the  symmetry-axis  cross 
section  of  head  B  is  shown  in  Fig.  4(a).  As  opposed  to  the 
domain  configuration  of  head  A,  as  shown  in  Fig.  1(b),  do¬ 
main  walls  were  observed  to  be  slanted  in  the  alternating 
orientations  in  the  top  pole  of  head  B,  as  shown  in  Fig.  4(a). 
Upon  + 15  Oe  of  dc  bias  field  applied  to  head  B,  the  slanted 
walls  were  observed  to  displace  according  to  the  field  direc¬ 
tion,  in  that  one  domain  wall  was  displaced  in  one  direction 
and  the  adjacent  walls  were  observed  to  displace  in  the  op¬ 
posite  direction,  as  shown  in  Fig.  4(b).  Upon  -15  Oe  of  dc 
bias  field  applied  to  head  B,  however,  a  new  wall  with  a  kink 
in  the  middle  was  observed  to  form,  in  addition  to  the  dis¬ 
placements  of  slanted  domain  walls,  as  shown  in  Fig.  4(c). 


FIG.  1.  Thin  film  inductive  head,  head  A,  (a)  viewed  from  the  symmetry- 
axis  cross  section  and  (b)  its  corresponding  domain  configuration. 
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FIG.  2.  Top-view  (P2  deposition-side)  domain  structure  of  head  A  (a)  before 
cross  section  and  (b)  after  cross  section. 
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The  domain  configuration  of  the  symmetry-axis  cross 
section  of  head  C  is  shown  in  Fig.  5(a).  In  this  case,  both 
zigzagged  and  slanted  domain  walls  were  observed.  Even 
more  complicated  domain  wall  deformations  were  observed 
with  a  small  dc  bias  field  applied  to  head  C,  as  shown  in 
Figs.  5(b),  5(c),  and  5(d).  In  addition  to  the  slanted  domain 
walls  connecting  the  top  and  bottom  surfaces  of  P2, 
V-shaped  and  upside  down  V-shaped  domain  walls  were  ob¬ 
served  in  head  C  upon  a  small  dc  bias  field,  as  shown  in  Figs. 
5(b)-5(d).  In  particular,  the  two  ends  of  V-shaped  walls  were 
observed  to  terminate  only  at  the  top  surface  of  P2,  whereas 
the  two  ends  of  upside  down  V-shaped  walls  were  observed 
to  terminate  only  at  the  bottom  surface  of  P2.  Upon  remov¬ 
ing  the  small  dc  bias  field,  the  remanent  domain  structure  of 
head  C  is  shown  in  Fig.  5(e).  Comparing  with  the  domain 
structure  as  shown  in  Fig.  5(a),  the  remanent  domain  struc¬ 
ture  in  head  C  is  now  completely  different  from  that  before 
applying  dc  bias  field. 

It  is  interesting  to  note  that  very  few  or  no  domain  walls 
were  observed  at  the  sloped  backgap  regions  of  symmetry- 
axis  cross  sections  of  heads  A,  B,  and  C,  as  shown  in  Figs.  1, 
4,  and  5,  respectively.  In  an  attempt  to  observe  the  domain 
configurations  at  the  sloped  backgap  region  directly,  head  D 
was  lapped  from  its  ABS  and  toward  its  backgap.  In  this 
case,  slanted  domain  walls  were  observed  at  the  sloped  back- 
gap  region,  as  shown  in  Fig.  6(b).  The  corresponding  P2 
domain  structure  before  cross  sectioning  and  its  schematic 
interpretation  is  depicted  in  Fig.  6(a)  and  6(c),  respectively. 


FIG.  3.  Schematic  interpretation  of  the  P2  domain  structure  observed  in 
head  A. 


FIG.  4.  Domain  structure  at  the  symmetry-axis  cross  section  of  head  B,  with 
(a)  0  Oe,  (b)  +15  Oe,  and  (c)  -15  Oe  of  dc  bias  field. 


DISCUSSION 

Based  on  the  domain  images  observed  at  the  symmetry- 
axis  cross  section,  as  shown  in  Fig.  1(b),  and  at  the  P2  depo¬ 
sition  side  after  cross  sectioning,  as  shown  in  Fig.  2(b),  it  is 
clear  that  the  domain  walls  observed  at  the  symmetry-axis 


Head  C 
upon  removal 
of  -17  Oe  DC  Bias 


FIG.  5.  Domain  structure  at  the  symmetry-axis  cross  section  of  head  C,  with 
(a)  0  Oe,  (b)  +12  Oe,  and  (c)  -12  Oe,  (d)  -17  Oe  of  dc  bias  field,  and  (e) 
upon  removal  of  — 17  Oe  of  dc  bias  field. 
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P2  Deposition  side  Cross  section  lapped  from  ABS 

(C) 

FIG.  6.  Domain  structure  of  head  D  as  observed  (a)  at  the  P2  deposition 
side,  before  cross  section,  and  (b)  at  the  cross  section  of  sloped  backgap 
region,  lapped  from  ABS,  and  (c)  its  schematic  interpretation  of  the  backgap 
domain  walls. 

cross  section  are  the  intersections  of  edge-closure  domain 
walls,  as  schematically  illustrated  in  Fig.  3.  This  observation 
is  expected  since  soft  ferromagnetic  material,  such  as  per¬ 
malloy,  usually  form  flux  closure  domain  structures  in  a  spe¬ 
cific  geometry  to  minimize  its  total  energy.  This  interpreta¬ 
tion  is  further  evident  by  the  observation  that  these  walls 
were  typically  observed  to  displace  according  to  a  small  ex¬ 
ternal  dc  bias  field  in  the  symmetry-axis  direction,  as  shown 
in  Figs.  4  and  5.  Here,  when  one  wall  was  observed  to  dis¬ 
place  in  one  direction,  the  adjacent  walls  were  typically  ob¬ 
served  to  displace  in  the  opposite  direction,  as  one  edge- 
closure  domain  expands  and  the  adjacent  edge  closure 
domains  shrink  in  response  to  a  dc  bias  field. 

The  intersections  of  closure  domain  walls  are  believed  to 
be  charged  domain  walls  (or  lines,  strictly  speaking),  with 
the  magnetization  on  the  two  sides  of  the  domain  walls  ori¬ 
ented  either  “head-to-head”  or  “tail-to-tail,”  as  shown  sche¬ 
matically  in  Fig.  3.  These  domain  walls  are  thus  slanted  or 
zigzagged  in  order  to  spread  the  charges  along  the  walls  over 
a  larger  region,  thereby  reducing  magnetostatic  energy.2  Fur¬ 
thermore,  it  has  been  theoretically  predicted4  and  experimen¬ 
tally  inferred5  that  90°  walls  in  Fe  films  of  up  to  0.7  /z m 
thick  are  slanted  at  their  cross  sections.  It  is  thus  plausible  to 
observe  the  intersections  of  two  90°  walls  to  be  slanted  as 


well.  In  consistence  with  the  above  observation  and  interpre¬ 
tation,  slanted  domain  walls  were  also  observed  at  the  air¬ 
bearing  surfaces  of  some  thin  film  inductive  heads.2 

Various  angles,  length,  and  structures  of  domain  walls, 
however,  have  been  observed  at  the  symmetry-axis  cross  sec¬ 
tions,  as  shown  in  Figs.  4  and  5.  It  is  believed  that  the  exact 
angles,  length,  and  structures  of  domain  walls  are  the  results 
of  total  energy  minimization,  which  includes  wall  energy  and 
the  associated  magnetostatic  energy.  The  wall  energy  in  turn 
depends  on  the  distribution  of  stress  and  magnetostriction 
products  in  the  permalloy  yokes.  It  is  thus  reasonable  to  ex¬ 
pect  the  domain  walls  at  the  specific  locations  of  symmetry- 
axis  cross  sections  to  reflect  the  local  distribution  of  stress 
and  magnetostriction  products,  not  only  in  the  symmetry- 
axis  direction,  but  also  in  the  film  thickness  direction.  Upon 
small  dc  bias  field,  the  charge  distributions  along  the  walls 
may  alter,  resulting  in  deformation  to  again  minimize  the 
total  energies,  as  shown  in  Figs.  4  and  5.  Deformations  and 
instabilities  of  domain  walls  in  the  thickness  direction,  as 
shown  in  Figs.  5(a)  and  5(e),  can  thus  be  another  sources  of 
wiggle  or  popcorn  noise  in  thin  film  inductive  recording 
heads.  The  effective  anisotropy  of  sloped  backgap  region 
was  also  observed,  in  some  cases,  to  be  transverse  to  that  of 
other  regions  of  the  heads.  They  may  thus  also  be  a  source  of 
readback  noise.1 

CONCLUSIONS 

Using  SKEM,  domain  structures  of  thin  film  inductive 
recording  heads  were  observed  from  three  principal  perspec¬ 
tives:  the  deposition  side,  the  symmetry-axis  cross  section 
and  the  ABS-side  cross  section.  Thus,  domain  structures  at 
the  bottom  poles  (PI)  and  backgap  closures,  which  previ¬ 
ously  cannot  be  observed  at  finished  head  form,  can  now  be 
observed  directly.  Various  slanted  and  zigzagged  intersec¬ 
tions  of  domain  walls  were  observed  at  the  symmetry-axis 
cross  sections  of  thin  film  heads.  Upon  small  dc  bias  field, 
even  more  complicated  domain  wall  deformations  in  the 
thickness  direction  were  observed.  It  is  thus  speculated  that 
deformations  and  instabilities  of  domain  walls  in  the  film 
thickness  direction  can  be  another  sources  of  readback  noise, 
such  as  popcorn  and  wiggle  noise.  Domain  walls  at  the 
sloped  backgap  regions  that  are  longitudinal  to  the  flux  con¬ 
duction  direction  were  also  observed  occasionally.  They  may 
thus  also  cause  readback  noise.1 
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The  application  of  picosecond  magneto-optic  sampling  techniques  to  studies  of  the  magnetization 
dynamics  of  thin-film  recording  heads  is  described.  Time-resolved  magnetization  measurements  are 
performed  using  picosecond  stroboscopic  scanning  Kerr  microscopy.  A  Faraday  probe  is  used  to 
monitor  the  coil  excitation  current  with  the  same  optical  setup,  yielding  a  direct  measure  of  the 
magnetic  propagation  delay  through  the  head.  This  delay  is  found  to  have  a  marked  spatial 
dependence  across  the  face  of  the  pole  tips.  As  an  aid  to  visualization  of  the  spatial  dependence, 
scanned  images  of  the  polar  Kerr  rotation  at  fixed  time  delays  are  acquired.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)16008-9] 


I.  INTRODUCTION 

The  dynamical  properties  of  small  magnetic  structures 
represent  problems  of  great  current  interest,  both  because  of 
the  implications  for  magnetic  recording  and  due  to  the  rapid 
improvements  in  experimental  and  computational  attacks  on 
the  fundamental  issues.1-5  Just  as  there  has  been  continual 
focus  on  the  intrinsic  limitations  that  size  may  impose  on  the 
recording  process,6  fundamental  speed  limitations  are  of  con¬ 
cern  as  well.7  In  this  paper  we  report  novel  measurements  of 
the  fast  (subnanosecond  regime)  time  response  of  the  com¬ 
plex  micromagnetic  circuit  which  makes  up  a  thin-film  in¬ 
ductive  write  head.  Picosecond  magneto-optic  sampling 
measurements8  have  been  performed  which  yield  a  direct 
time- domain  comparison  of  the  excitation  current  in  the  coil 
with  the  magnetization  response  anywhere  across  the  pole 
tips  (PI  and  P2)  on  the  air-bearing  surface. 

II.  THE  EXPERIMENTS 

Details  of  the  experimental  setup  are  shown  schemati¬ 
cally  in  Fig.  1.  The  optical  measurements  are  performed  with 
picosecond  pulses  delivered  by  a  synchronously  pumped, 
cavity  dumped  dye  laser.  A  polarizing  beamsplitter  and  dif¬ 
ferential  diode  detection  scheme  is  used  to  monitor  the  polar 
Kerr  rotation.  Ordinary  low-speed  signal  diodes  can  be  used 
as  the  picosecond-scale  information  is  all  obtained  via  the 
timing  of  the  optical  probe  pulses  relative  to  the  excitation  of 
the  head.  The  heads  are  driven  by  electronically  generated 
and  time-delayed  current  pulses,  synchronized  to  the  cavity 
dumper.  Two  pulses  of  opposite  polarity  are  superposed  to 
create  a  bipolar  waveform  to  simulate  actual  write  conditions 
(albeit  with  much  shorter  transition  times).  The  typical 
“pulse  sequence”  consists  of  a  5-ns  duration  positive  pulse 
placed  in  the  center  of  a  75 -ns- width  negative  pulse  of  half 
the  amplitude,  repeated  at  631.7  kHz.  The  time  resolution  in 
this  configuration  is  limited  to  50  ps  by  trigger  jitter  of  the 
electronic  pulsing  circuit.  The  electronic  pulse  risetime  at  the 
head  itself  is  still  significantly  larger  than  this  in  these  mea¬ 
surements,  limited  by  the  coil  inductance.  To  minimize  this 
risetime,  the  head  is  mounted  on  a  circuit  board  with  the 
twisted  pair  leads  normally  running  to  the  harness  truncated 
to  a  few  millimeters  in  length,  and  connected  to  a  coplanar 


transmission  line  which  delivers  the  current  pulses.  In  prac¬ 
tice,  the  current  waveform  is  toggled  on  and  off  at  2  kHz 
such  that  the  actual  Kerr  signal  measured  arises  from  the 
difference  in  the  perpendicular  magnetization  under  drive  to 
that  in  the  remanent  state  (where  the  magnetization  is  almost 
entirely  in-plane.) 

The  current  waveform  is  monitored  by  a  small  sample  of 
thin-film  bismuth-doped  yttrium-iron-gamet,  placed  next  to 
one  of  the  coplanar  lines.  The  garnet,  with  low  perpendicular 
anisotropy  and  magnetization  lying  in  the  plane  of  the  film  in 
zero  applied  field,  is  situated  such  that  the  stray  magnetic 
field  from  the  lead  is  perpendicular  to  the  film.  The  perpen¬ 
dicular  component  of  magnetization  is  then  proportional  to 
the  coil  current  (provided  the  transition  times  are  within  the 
bandwidth  established  by  the  ferromagnetic  resonance  of  the 
garnet.)  The  perpendicular  magnetization  is  measured  “in¬ 
stantaneously”  by  sampling  with  a  picosecond  probe  pulse  at 
normal  incidence  to  the  film.  A  local  in-plane  field  of  0.1  T, 
created  by  a  small  NdFeB  permanent  magnet,  stiffens  the 
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FIG.  1.  Schematic  layout  of  the  experiment,  (a)  The  heads  are  scanned 
under  the  focussed  laser  using  a  piezo-driven  stage.  The  Kerr  signal  is 
analyzed  using  a  polarizing  beamsplitter  (here  a  Thompson  prism — Melles 
Griot  03PTB001 — similar  to  a  Wollaston  prism  but  yielding  larger  beam 
separation.)  (b)  The  head  is  mounted  on  a  circuit  board  incorporating  the 
time-resolved  Faraday  current  probe. 
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FIG.  2.  A  time-resolved  optical  measurement  of  the  perpendicular  magne¬ 
tization  at  P2  on  a  10-turn  recording  head,  with  the  corresponding  optical 
measurement  of  the  coil  current  for  absolute  timing  comparisons. 


restoring  force  on  the  garnet  magnetization  to  raise  the  fer¬ 
romagnetic  resonance  frequency.  This  resulting  Faraday  cur¬ 
rent  probe  has  a  bandwidth  of  almost  5  GHz,  corresponding 
to  a  risetime  of  65  ps.  The  electrical  pulse  propagation  delay 
along  the  line  separating  the  Faraday  probe  and  the  head 
itself  is  approximately  80  ps. 

III.  RESULTS 

An  example  of  the  time-domain  measurements  is  shown 
in  Fig.  2.  Here,  a  bipolar  current  waveform  of  nominal  op¬ 
erating  amplitude,  ±61  mA,  has  been  applied  to  a  permalloy 
head  having  a  10-tum  input  coil.  The  dotted  line  illustrates 
the  time  dependence  of  the  actual  write  current  as  sampled 
by  the  Faraday  probe.  The  corresponding  response  of  the 
perpendicular  magnetization  recorded  by  the  polar  Kerr  ef¬ 
fect  is  shown  by  the  solid  line,  measured  here  for  the  bottom 
of  the  pole  tip  P2.  The  80-ps  time  shift  from  the  line  length 
between  the  garnet  and  the  head  has  been  removed  in  this 
plot.  The  data  indicate  a  1.6-ns  time  constant  for  the  magne¬ 
tization  change,  combined  with  an  apparent  0.7-ns  magnetic 
propagation  delay  between  the  arrival  of  current  at  the  coil 
and  the  onset  of  magnetization  change  at  the  pole  tip. 

The  instantaneous  spatial  dependence  of  the  perpendicu¬ 
lar  magnetization  during  the  write  cycle  is  acquired  by  scan¬ 
ning  the  sample  under  a  laser  spot  produced  by  focussing  the 
585-nm  wavelength  beam  using  a  0.6  numerical  aperture  mi¬ 
croscope  objective.  The  resulting  spatial  resolution  is  close 
to  the  diffraction-limited  value  of  0.8  /xm.  This  spatial  reso¬ 
lution  is  sufficient  to  allow  us  to  resolve  many  interesting 
position-dependent  features  in  the  magnetization,  although  it 
is  clearly  insufficient  to  resolve  all  of  the  detail  in  the  mag¬ 
netization  near  the  gap.  Representative  images  from  a  per¬ 
malloy  head  taken  at  four  different  instants  along  a  time-span 
similar  to  that  of  Fig.  2  are  shown  in  Fig.  3.  The  shape  of  the 
current  waveform  in  this  case  is  the  same  as  in  Fig.  2,  but  the 
amplitude  is  now  ±94  mA.  The  images  are  three- 
dimensional  renderings  in  which  the  topography  corresponds 
to  the  local  perpendicular  magnetization.  The  spatial  window 
is  12  /xm  on  a  side,  approximately  centered  on  the  write  gap 
between  PI  and  P2.  Of  particular  note  is  the  fact  that  under 
these  extreme  drive  conditions,  significant  differences  in  the 


FIG.  3.  A  collection  of  stroboscopic  scanned  images  of  the  perpendicular 
magnetization  in  a  12-/xm-square  region  centered  on  the  gap,  with  P2  to  the 
left  and  PI  on  the  right.  The  labels  correspond  to  time  positions  during  a 
write  cycle  as  shown  in  Fig.  2. 


response  time  at  different  spatial  locations  arise,  to  the  extent 
that  there  exist  instants  at  which  the  net  perpendicular  mag¬ 
netization  has  the  same  phase  on  both  pole  tips.  A  sequence 
of  such  images  has  been  stitched  together  into  a  “slow- 
motion”  video9  having  an  effective  frame  rate  of  20  billion 
per  second.  Our  interest  in  strong  drive  conditions  also  stems 
from  a  desire  to  use  the  heads  as  high-speed  field  transducers 
in  research  applications. 

The  spatial  dependence  is  further  highlighted  by  the  spot 
measurements  of  the  time  dependence  of  the  magnetization 
at  different  locations  compared  in  Fig.  4.  Very  dramatic  dif¬ 
ferences  can  be  observed,  for  example,  by  comparing  the 
responses  on  P2  (solid  curve)  to  those  near  the  far  edges  of 
PI  (dot-dashed  curve).  Even  at  the  nominal  drive  current  of 
61  mA  one  observes  very  rapid  time  response  on  PI  far  from 
P2,  approaching  the  rise  time  of  the  current  pulse  at  the  coil 
as  determined  by  the  current  probe.  To  some  degree  this  is 
understandable  in  that  the  extremal  regions  of  PI  remain 
everywhere  well  below  saturation,  hence  a  continuous  high 
permeability  path  for  rapid  flux  transport  is  assured.  How¬ 
ever,  by  simply  reducing  the  amplitude  of  the  drive  current, 
comparably  fast  response  is  not  achieved  at  P2,  suggest- 


FIG.  4.  Time-resolved  magnetization  measurements  at  different  spatial  lo¬ 
cations  on  the  pole  tips,  and  for  different  current  pulsing  conditions. 
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ing  that  eddy  currents  (perhaps  screening  currents  induced  in 
PI)  play  a  more  important  role  there.  Illustrative  time- 
domain  observations  made  using  larger  drive  currents  are 
also  shown  in  Fig.  4.  The  dashed  curve  indicates  that  P2  can 
be  forced  from  the  remanent  state  to  saturation  very  quickly 
at  a  94-mA  drive  level  with  unipolar  current  pulses.  The 
onset  of  slow  decays  of  the  magnetization  from  the  saturated 
to  remanent  states  is  also  made  visible  by  our  method  in  this 
case.  Finally,  an  apparent  nonmonotonic  response  of  the  per¬ 
pendicular  magnetization  has  been  observed  at  the  top  of  P2 
(away  from  the  gap;  dotted  curve  in  Fig.  4.)  The  equilibrium 
magnetization  under  drive  this  far  from  the  gap  includes  a 
substantial  in-plane  component,  however,  and  this  observa¬ 
tion  should  be  complemented  with  a  transverse  Kerr  mea¬ 
surement.  Diffraction  effects  can  also  affect  the  purity  of  the 
polar  Kerr  measurement  near  the  edges  of  the  pole  tips,  and 
it  would  be  desirable  to  repeat  these  measurements  with 
higher  spatial  resolution. 

IV.  SUMMARY 

In  summary,  a  picosecond  time-domain  technique  has 
been  described  which  enables  very  high-speed  measurements 
of  the  magnetic  dynamics  underlying  the  thin-film  inductive 
write  process.  A  key  feature  of  the  technique  is  the  ability  to 
monitor  the  coil  current  on  precisely  the  same  time  axis, 
yielding  direct  measurements  of  magnetic  propagation  de¬ 
lays  in  the  head.  The  data  therefore  contain  all  of  the  infor¬ 
mation  that  could  be  obtained  in  frequency-dependent  phase 
sensitive  measurements  of  the  same  response.1,2  The  mea¬ 


surements  can  easily  be  extended  to  much  shorter  time  scales 
through  the  use  of  photoconductive  switches  to  generate  the 
current  waveforms8  (producing  faster  risetimes  and  eliminat¬ 
ing  jitter);  this  will  be  done  as  the  speed  of  the  technology 
increases  to  demand  it.  In  addition,  transverse  Kerr  measure¬ 
ments  can  be  performed  to  probe  the  other  components  of 
the  pole  tip  magnetization,  and  external  (“media-like”)  sen¬ 
sors  could  be  incorporated  to  monitor  components  of  the 
magnetic  field  external  to  the  poles  themselves. 
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Single  layer  FeN  films  with  low  coercivity  and  low  residual  stress  were  prepared  on  Coming  0211 
glass  and  Si  substrates  using  rf  diode  sputtering  without  postannealing.  Substrates  and  a  small 
amount  of  nitrogen  in  the  film  had  a  significant  effect  on  the  magnetic  properties  and  residual  stress 
of  FeN  films.  The  residual  stress  in  the  pure  Fe  films  showed  tensile  characteristics  due  to  thermal 
stress.  The  stress  decreased  with  increasing  N2/Ar  flow  ratio  and  passed  a  zero  point  at  a  flow  rate 
ratio  of  —3.5%,  accompanied  with  a  low  coercivity.  The  stress  changed  to  compressive  with  further 
increasing  nitrogen  in  the  lattice.  The  tensile-to-compressive  transition  in  residual  stress  can  be 
explained  by  the  increase  in  lattice  constant  in  FeN  films.  The  lattice  constant  increased  with 
increasing  nitrogen  flow  during  deposition,  which  was  probably  due  to  more  nitrogen  incorporation 
in  the  bcc  Fe  lattice.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)06508-7] 


I.  INTRODUCTION 


III.  RESULTS  AND  DISCUSSION 


In  recent  years  there  has  been  significant  interest  in  fer¬ 
romagnetic  FeN  films  for  head  core  materials  because  of 
their  high  saturation  magnetization  which  is  necessary  for 
writing  on  media  possessing  very  high  coercivity  (2500- 
4500  Oe).1  It  has  been  reported  that  high  saturation  magne¬ 
tization  (47tM5  =  18-22  kG),  low  coercivity  (<1.5  Oe),  and 
low  saturation  magnetostriction  (<2X10“6)  can  be  obtained 
by  the  addition  of  a  few  percent  of  N  into  bcc  Fe.2  However, 
as-deposited  FeN  films  often  possess  a  large  residual  stress 
which  causes  low  adhesion  and  makes  head  fabrication  pro¬ 
cess  very  difficult.  The  residual  stress  also  produces  addi¬ 
tional  magnetic  anisotropy  other  than  induced  magnetic  an¬ 
isotropy  in  the  film  head  structures.  The  purpose  of  this 
article  is  to  report  the  influence  of  substrates  and  N2/Ar  flow 
rate  ratio  on  the  coercivity  and  residual  stress  of  single  layer 
FeN  films  prepared  using  rf  reactive  sputtering  without  post¬ 
annealing. 


II.  EXPERIMENTAL  PROCEDURES 

Single  layer  FeN  films,  6000  A  in  thickness,  were  pre¬ 
pared  on  Coming  0211  glass,  (111)  Si,  and  Al203-TiC  sub¬ 
strates  using  a  Perkin-Elmer  4400  rf  diode  sputtering  sys¬ 
tem.  The  base  pressure  of  the  system  was  below  3X10~7 
Torn  The  FeN  films  were  prepared  from  an  8  in.  diam  Fe 
target  in  Ar+N2  plasma.  A  total  gas  pressure  of  3  m  Torr  was 
used.  The  N2/Ar  flow  rate  ratio  was  varied  to  control  the 
nitrogen  content  in  the  FeN  films  and  to  obtain  optimum 
coercivity  of  the  films.  A  magnetic  field  of  about  50  Oe  was 
applied  parallel  to  the  film  plane  during  sputter  deposition. 

The  microstructure  of  the  films  was  determined  using  an 
x-ray  diffractometer  {9-26  scan).  The  magnetic  properties  of 
the  films  were  determined  using  a  magneto-optic  Kerr  effect 
M~H  loop  tracer.  The  saturation  magnetostriction  constant 
(Xs)  was  measured  using  an  ac  magnetostriction  tester.  The 
residual  stress  in  the  films  was  determined  from  curvature 
measurements  using  the  laser  scanning  technique3  on  (111) 
Si  wafers  and  glass  plates  before  and  after  film  deposition. 


X-ray  diffraction  results  on  6000  A  thick  FeN  films  on 
Coming  0211  glass  with  various  N2/Ar  flow  ratios  are  shown 
in  Fig.  1.  The  films  exhibit  strong  (110)  texture  of  a-Fe  when 
the  N2/Ar  flow  rate  ratio  is  small.  As  the  N2/Ar  flow  ratio 
increases,  y'-Fe4N  phase  is  formed  and  the  intensity  of 
y'-Fe4N  peak  increases.  One  of  the  interesting  results  is  that 
the  (200)  y'-Fe4N  peak  is  dominant  whereas  Wang  et  al 
reported  that  the  (111)  /- Fe4N  peak  was  dominant  in  FeN 
films.  The  full  width  at  half  maximum  (FWHM)  of  the  (110) 
a-Fe  peak  increases  with  increasing  N2/Ar  flow  ratio,  indi¬ 
cating  a  probable  decrease  in  grain  size.  The  decrease  in 
grain  size  is  attributed  to  the  existence  of  y'-Fe4N  at  the 
grain  boundaries  inhibiting  grain  growth  during  sputtering.4 
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FIG.  1.  X-ray  diffraction  spectra  of  6000  A  FeN/glass  films  sputtered  at 
various  N2/Ar  flow  rate  ratios  (input  power:  0.64  kW,  gas  pressure:  3 
m  Torr). 


J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)75901  /3/$1 0.00 


©  1 996  American  Institute  of  Physics  5901 


FIG.  2.  Effect  of  N2/Ar  flow  rate  ratio  on  the  coercivity  of  6000  A  FeN  films 
on  (a)  0211  glass,  (b)  (111)  Si,  and  (c)  Al203-TiC  substrates,  (d)  The 
changes  in  surface  temperature  of  glass  and  Al203-TiC  substrates  during 
sputtering. 


The  coercivity  of  pure  Fe  films  on  glass  in  Fig.  2(a)  is 
about  20  Oe.  As  N2  is  introduced,  both  easy  axis  coercivity 
{Hc  e)  and  hard  axis  coercivity  (Hc  h)  decrease  significantly. 
At  a  N2/Ar  flow  ratio  of  3.8%  and  an  input  power  of  0.64 
kW,  the  easy  axis  and  hard  axis  coercivities  are  1.2  and  0.6 
Oe,  respectively.  The  x-ray  intensity  of  y'-Fe4N  at  the  mini¬ 
mum  coercivity  is  very  small  indicating  an  optimum  amount 
of  y'-Fe4N  phase  for  the  minimum  Hc .  Further  increases  in 
N2/Ar  flow  ratio  increase  coercivity.  The  increase  in  coerciv¬ 
ity  beyond  the  optimum  N2/Ar  flow  ratio  might  be  related  to 
the  increase  in  grain  size.  The  transmission  electron  micros- 


FIG.  3.  Effect  of  N2/Ar  flow  rate  ratio  on  the  saturation  magnetostriction 
(X5)  of  FeN  films  on  Si  substrates. 

copy  study  showed  that  the  average  grain  size  of  FeN/glass 
at  3.8%  N2/Ar  flow  ratio  was  about  90  A.  The  average  grain 
size  increased  to  about  320  A  at  6.4%  due  to  the  formation  of 
a  large  amount  of  y'-Fe4N. 

As  shown  in  Figs.  2(a)  and  2(b),  both  FeN  films  on  0211 
glass  and  Si  substrafes  show  similar  coercivities  at  the  N2/Ar 
flow  ratio  of  3.8%  and  the  input  power  of  0.64  kW.  However, 
FeN/Si  have  a  broader  range  of  low  coercivity.  In  the  case  of 
Al203-TiC  substrates  [see  Fig.  2(c)],  the  input  power  was 
optimized  to  be  0.82  kW  due  to  the  larger  thermal  mass  of 
Al203-TiC  substrates.  Figure  2(d)  is  the  actual  surface  tem¬ 
perature  during  sputtering  measured  using  a  A'-type  thermo¬ 
couple  attached  to  the  surface  of  the  substrate.  The  surface 
temperature  of  the  Al203-TiC  substrate  rises  very  slowly 
compared  with  that  of  glass  substrate.  The  final  surface  tem¬ 
perature  of  Al203-TiC  substrate  at  0.82  kW  becomes  close 
to  that  of  glass  substrate  at  0.64  kW.  The  optimum  N2/Ar 
flow  ratio  was  also  shifted  from  3.8%  to  5.8%  due  to  a  larger 
sputtering  rate  of  Fe  at  0.82  kW. 

The  saturation  magnetostriction  (A^)  of  the  FeN  on  Si 
substrates  is  shown  in  Fig.  3.  The  Xs  is  negative  for  pure  Fe 
films  as  expected.5  An  increase  in  N2/Ar  flow  rate  ratio  in¬ 
creases  Xs  and  there  is  a  transition  from  negative  to  positive 
at  a  flow  rate  ratio  of  2.8%.  This  behavior  is  consistent  with 
other  results  and  can  be  attributed  to  the  increase  in  the 
amount  of  Fe4N  phase  in  the  films2,6  or  incorporation  of 
nitrogen  atom  in  a-Fe  lattice.7  The  N2/Ar  flow  rate  ratio  at 
the  zero  magnetostriction  point  was  lower  than  that  at  the 
minimum  coercivity. 

The  residual  stress  in  the  films  on  Si  substrate  is  tensile 
(240-450  M  Pa)  when  the  N2/Ar  flow  ratio  is  0,  as  shown  in 
Fig.  4(a).  It  decreases  as  N2/Ar  flow  ratio  increases  and 
reaches  a  zero  point  at  a  N2/Ar  flow  ratio  of  ~3.8%,  which 
corresponds  to  the  minimum  coercivity.  It  has  a  broad  range 
of  low  stress  (<100  MPa).  The  sign  of  residual  stress 
changes  to  compressive  with  further  increasing  nitrogen  flow 
(-330  to  -450  M  Pa  at  N2/Ar  of  6.4%).  The  residual  stress 
of  FeN/glass  in  Fig.  4(b)  shows  similar  profile  but  with 
steeper  transition  from  tensile  to  compressive  stress.  The 
profiles  of  residual  stress  are  well  correlated  with  those  of 
coercivity  shown  in  Figs.  2(a)  and  2(b).  The  residual  stress 
(cTtotai)  is  composed  of  thermal  stress  (crth)  and  internal  stress 
(o-J.  The  thermal  stress  is  due  to  the  difference  in  thermal 
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FIG.  4.  Effect  of  N2/Ar  flow  rate  ratio  on  the  residual  stress  of  6000  A  FeN 
films  on  (a)  Si  and  (b)  glass  substrates. 


expansion  coefficient  between  the  film  and  the  substrate: 
ath~Ef(af—  as)j\T/(l  —  vf),  where  Ef  is  the  Young’s 
modulus  of  the  film,  af  and  as  are  the  thermal  expansion 
coefficient  of  the  film  and  the  substrate,  respectively,  and  A  T 
is  the  temperature  difference  between  the  sputtering  and 
room  temperature.  Assuming  that  the  Young’s  modulus  and 
the  thermal  expansion  coefficient  of  Fe  do  not  change  sig¬ 
nificantly  with  the  addition  of  a  few  percent  of  N  into  Fe,  the 
thermal  stress  is  calculated  to  be  ~360  M  Pa  (tensile)  using 
Em)  =  205  G  Pa,  am)  =  11.7  X  1<T6  °C"1,  as(Sl)  =  2.6 
X  1CT6  °C_1,  A T—  135  °C,  Vf=03.  Thus,  the  residual  stress 
at  zero  N2/Ar  flow  rate  is  caused  mostly  by  thermal  stress. 
The  decrease  in  tensile  stress  and  the  transition  from  tensile 
to  compressive  stress  are  explained  by  an  increase  in  the 
lattice  spacing  of  (110)  a-Fe  planes  [d(110)].  The  peak  po¬ 
sition  of  (110)  a-Fe  was  calibrated  by  the  (111)  peak  of  Si. 
As  shown  in  Fig.  5,  the  values  of  d(110)  increase  with  in¬ 
creasing  nitrogen  flow  rate  during  deposition  which  results  in 
more  nitrogen  being  incorporated  in  the  interstitial  sites  of 
bcc  Fe  lattice.8,9  It  is  to  be  noted  that  d(  110)  still  increases 
even  though  y'-Fe4N  is  formed  in  the  film.  This  result  sug¬ 
gests  that  N  atoms  are  still  incorporated  in  a-Fe  lattice  dur¬ 
ing  the  formation  of  y'-Fe4N,  resulting  in  a  monotonic  in¬ 
crease  in  residual  stress. 

IV.  CONCLUSIONS 

Single  layer  FeN  films  with  low  coercivity  (HCte  =  \2 
Oe,  Hc  h= 0.6  Oe)  and  low  residual  stress  (<100  M  Pa)  were 
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FIG.  5.  Effect  of  N2/Ar  flow  rate  ratio  on  the  <7(110)  of  bcc  Fe  in  FeN  films 
on  Si  substrates. 


prepared  using  a  rf  diode  sputtering  without  postannealing. 
Substrate  and  a  small  amount  of  nitrogen  in  the  film  had  a 
significant  effect  on  the  magnetic  and  mechanical  properties 
of  FeN  films.  The  stress  in  the  films  was  tensile  when  N2/Ar 
flow  ratio  was  0.  It  decreased  as  the  ratio  increased  and 
passed  a  zero  point  at  a  N2/Ar  flow  rate  of  ~ 3.5%,  The  stress 
changed  to  compressive  with  further  increasing  nitrogen  in 
the  lattice.  The  tensile-to-compressive  transition  in  residual 
stress  can  be  explained  by  the  change  in  lattice  constant  in 
FeN  films.  The  lattice  constant  increased  with  increasing  ni¬ 
trogen  flow  during  deposition,  probably  due  to  more  nitrogen 
incorporated  in  the  lattice. 
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Effect  of  base  layers  on  the  soft  magnetic  properties  of  FeTaN  films 

V.  R.  Inturi  and  J.  A.  Barnard 

Department  of  Metallurgical  and  Materials  Engineering  and  Center  for  Materials  for  Information 
Technology \  The  University  of  Alabama,  Tuscaloosa,  Alabama  35487-0202 

The  effects  of  base  layers  with  different  crystal  structures  and  well  defined  growth  textures  on  the 
soft  magnetic  properties  of  FeTaN  films  have  been  studied.  Broadly  speaking,  base  layers  with  fee 
or  hep  crystal  structures  and  having  predominantly  (111)  and  (0002)  growth  textures,  respectively, 
significantly  improve  the  soft  magnetic  properties  of  the  subsequently  deposited  (110)  textured  bcc 
FeTaN  films.  Base  layers  with  bcc  crystal  structures  and  (110)  growth  textures  either  degrade  the 
soft  magnetic  properties  or  have  little  effect.  ©  1996  American  Institute  of  Physics. 
[S002 1  -8979(96)  1 2408-7] 


I.  INTRODUCTION 

In  our  continuing  efforts  to  improve  the  soft  magnetic 
properties  of  high  moment  (—20  kG)  FeTaN  films,  we  have 
noticed  that  certain  base  layers  can  have  substantial  benefi¬ 
cial  effects.  To  determine  the  origin  of  these  effects  (assumed 
to  be  crystallographic),  identically  processed  FeTaN  films  of 
varying  thickness  have  been  prepared  with  and  without  se¬ 
lected  base  layers. 

In  previous  work,1  the  effect  of  N  content  on  the  soft 
magnetic  properties  of  FeTaN  films  (no  base  layers)  has  been 
systematically  documented.  Xs  was  found  to  vary  linearly 
with  N  (negative  for  zero  N  but  crossing  zero  and  becoming 
increasingly  positive  with  increasing  N).  The  initial  perme¬ 
ability  also  increased  linearly  with  N  up  to  the  onset  of  stripe 
domains.  Hce  varied  in  a  more  complex  manner,  decreasing 
strongly  on  initial  incorporation  of  N,  then  remaining  con¬ 
stant  over  a  broad  range  of  N  content,  finally  increasing  dra¬ 
matically  as  stripe  domains  appeared.  For  FeTaN  grown 
without  a  base  layer,  processing  conditions  which  produce 
acceptably  small  Xs  often  do  not  coincide  with  those  yielding 
a  small  enough  coercivity  and  sufficient  permeability. 

FeTaN  films  were  deposited  reactively  by  dc  magnetron 
sputtering  using  an  Ar  and  N2  gas  mixture  and  a  4  in  diam 
Fe — 10  w/o  Ta  target.  The  base  vacuum  was  — 3.6X  10~7,  the 
Ar+N2  total  pressure  was  3  mTorr,  and  the  power  was  220 
W.  The  sputtering  rate  was  —12  A/s.  All  the  films  were 
grown  in  an  aligning  field  of  80  Oe  to  induce  uniaxial  in¬ 
plane  magnetic  anisotropy.  The  substrate  materials  used  were 
7059  Coming  glass,  oxidized  Si  (111),  and  oxidized  Si  (100). 
Thicknesses  were  measured  by  DekTak  IIA  surface  profilo- 
meter,  coercivity  with  a  SHB  10  Hz  loop  tracer,  saturation 
magnetostriction  with  an  high  precision  optical  magneto¬ 
striction  unit,  growth  texture  with  a  Rigaku  D/max-B  x-ray 
diffractometer,  and  initial  permeability  with  a  permeameter. 
All  the  base  layers  were  deposited  by  dc  magnetron  sputter¬ 
ing  using  3  mTorr  Ar  pressure  and  220  W  power.  All  the 
measurements  reported  were  made  on  as-deposited  films. 
The  saturation  magnetization,  Ms ,  for  all  the  films,  indepen¬ 
dent  of  base  layer,  was  found  to  be  —1650  emu/cc. 

II.  RESULTS  AND  DISCUSSION 

Preliminary  measurements  of  the  effect  of  Cr  and  Ta 
(bcc),  Cu  (fee),  and  Hf  (hep)  base  layers  on  the  magnetostric¬ 
tion  of  FeTaN  films  are  summarized  in  Fig.  1 .  The  FeTaN 


films  were  grown  with  a  fixed  Ar+N2  gas  mixture  (known  to 
produce  good  soft  magnetic  properties  in  thicker  films)  and 
with  varying  thickness.  The  base  layer  thicknesses  are  fixed 
at  —1000  A  for  this  set  of  films.  It  is  very  clear  that  the  base 
layers  having  fee  (Cu)  and  hep  (Hf)  crystal  structures  and 
close  packed  plane  growth  textures  [i.e.,  (Ill)  and  (0002)] 
significantly  improve  the  magnetostriction.  Of  the  two  bcc 
base  layers  examined  Cr,  with  a  (110)  texture,  clearly  in¬ 
creases  Xs  while  Ta  with  a  complex  texture  (and  a  mixture  of 
bet  (3- Ta  and  bcc  cr-Ta  phases),  has  a  beneficial  effect  on  thin 
FeTaN  films  which  does  not  persist  to  large  thicknesses.  The 
general  decrease  of  Xs  with  increasing  FeTaN  thickness  is 
attributed  to  a  decrease  in  average  N  content  with  increasing 
thickness  as  monitored  by  lattice  parameter  measurements.2 
Films  with  lower  N  content  (i.e.,  smaller  d  spacing)  should 
have  lower  Xs  as  noted  previously.1 

Based  on  the  clear  effects  illustrated  in  Fig.  1,  a  more 
systematic  study  was  undertaken  using  Ti  (hep)  and  Ag  (fee) 
base  layers  (both  —600  A  thick)  with  well  defined  growth 
textures.  Figures  2(a) -(c)  illustrates  the  effect  of  these  base 
layers  on  Xs ,  Hce ,  and  fii9  all  of  which  are  clearly  and  sig- 
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FIG.  1.  The  effect  of  base  layers  on  the  saturation  magnetostriction,  \s ,  of 
FeTaN  films  of  varying  thickness. 
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FIG.  2.  The  effect  of  Ti  and  Ag  base  layers  on  the  (a)  saturation  magneto¬ 
striction,  \s ,  (b)  coercivity,  Hct ,  and  (c)  initial  permeability,  ,  of  FeTaN 
films. 

nificantly  improved  (the  values  for  the  no  base  layer  films 
are  slightly  lower  than  those  plotted  in  Fig.  1  because  the 
sputtering  conditions  were  slightly  different).  Figure  2(a) 
shows  the  effects  of  Ti  and  Ag  base  layers  on  \s .  Both  Ti  and 
Ag  substantially  reduce  Xs  and  the  beneficial  effect  persists 
to  5000  A  films  where  almost  a  50%  reduction  is  observed. 
The  effect  of  Ti  and  Ag  base  layers  on  coercivity  is  plotted  in 
Fig.  2(b).  Generally,  the  coercivity  decreases  with  increasing 
FeTaN  thickness.  Both  base  layers  improve  coercivity  but  Ti 
is  more  effective,  reducing  the  coercivity  at  5000  A  by 
~50%.  Figure  2(c)  shows  the  dependence  of  initial  perme¬ 
ability  on  FeTaN  thickness  and  the  presence  of  Ti  and  Ag 
base  layers.  fit  improvement  with  the  base  layers  is  quite 
remarkable,  particularly  for  Ti,  where  /ml  is  doubled  for  the 
5000  A  films:  In  summary,  by  using  a  600  A  Ti  base  layer 
with  strong  (0002)  growth  texture,  5000  A  thick  FeTaN  films 
with  extremely  good  soft  magnetic  properties 
(\,=0.5X  10"6,tfce=0.6  Oe,^=2000)  can  be  grown. 

Some  of  these  results  can  be  explained  by  the  dramatic 
effects  that  the  base  layers  have  on  the  growth  texture  of 
FeTaN  films.  These  effects  are  summarized  in  Fig.  3  for  the 
case  of  Ti  (similar  results  were  found  for  Ag  but  we  focus  on 
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FIG.  3.  9-26  XRD  scans  of  FeTaN  films  with  and  without  a  600  A  Ti  base 
layer. 


Ti  for  clarity).  In  Fig.  3,  6-26  x-ray  diffraction  (XRD)  scans 
(Bragg-Brentano  mode3)  of  FeTaN  films  of  varying  thick¬ 
nesses  grown  using  identical  sputtering  conditions  with  and 
without  a  Ti  base  layer  are  plotted  along  with  the  XRD  scan 
of  the  bare  Ti  base  layer.  A  remarkable  improvement  in  the 
FeTaN  (110)  texture  which  persists  up  to  5000  A  thickness  is 
caused  by  the  Ti  base  layer.  This  can  be  observed  by  com¬ 
paring  the  FeTaN  (110)  intensities  with  and  without  the  Ti 
base  layer.  The  XRD  scan  of  the  bare  Ti  base  layer  clearly 
shows  a  very  strong  (0002)  growth  texture.  The  effect  of  Ti 
on  the  FeTaN  crystallography  can  be  quantitatively  described 
by  plotting  the  FeTaN  (110)  peak  intensity  measured  in  both 
6-26  and  fixed  incidence  (Seemann-Bohlin)  modes3  vs 
FeTaN  thickness  [Fig.  4(a)  and  4(b)].  In  the  6-26  mode,  the 
(110)  intensity  is  proportional  to  the  fraction  of  (110)  planes 
parallel  to  the  substrate  (the  textured  portion  of  the  film), 
while  in  fixed  incidence  mode,  the  (110)  intensity  is  due  to 
those  (110)  planes  not  parallel  to  the  substrate.  From  Fig. 
4(a),  it  is  clear  that  the  FeTaN  (110)  peak  intensity  with  a  Ti 
base  layer  is  several  times  greater  than  the  FeTaN  (110)  peak 
intensity  without  a  base  layer.  Furthermore,  from  the  inten¬ 
sities  obtained  in  the  fixed  incidence  XRD  mode  [Fig.  4(b)], 
one  sees  that  the  number  of  FeTaN  (110)  planes  nonparallel 
to  the  surface  of  the  film  is  significantly  reduced  by  the  Ti 
base  layer.  Taken  together,  this  is  strong  evidence  that  Ti 
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FIG.  4.  (110)  peak  intensity  of  FeTaN  films  with  and  without  a  Ti  base  layer 
in  two  XRD  modes. 


(and  Ag  base  layers,  not  shown  here)  strongly  enhance  the 
(110)  texture  of  FeTaN  films. 

Ti  base  layers  do  cause  an  increase  of  ~25%  in  FeTaN 
grain  size  as  determined  by  full  width  half  maximum 
(FWHM)  measurements  of  the  FeTaN  (110)  peak.  However, 
the  contribution  of  this  grain  size  increase  (which  decrease 
the  amount  of  disordered  material  having  positive 
magnetostriction4)  to  the  change  in  Xs  is  only  ~ 6 %}  The 
enhancement  of  (110)  growth  texture  in  FeTaN  films  may  be 
understood  on  the  basis  of  standard  metallurgical  arguments. 
At  interfaces  between  two  crystal  structures,  orientation  re¬ 
lationships  are  often  formed  which  have  the  closest  packed 
planes  in  each  structure  parallel  to  the  another.  For  bcc:fcc 
and  bcc:hcp  orientation  relationships  two  classical  variants 
are  known,  Nishiyama-Wasserman  (NW)  and  Kurdjumow- 
Sachs  (KS)  which  predict  (110)  bcc||  (111)  fee  [or  (0002) 
hep].5,6 

At  this  point,  it  is  useful  to  recall  that  Cr  base  layers  had 
a  deleterious  effect  on  Xs  in  FeTaN.  This  result  requires  an 
explanation  as  there  is  good  lattice  matching  between  Cr  and 
FeTaN  and  a  Cr  (110)  base  layer  might  be  expected  to  pro¬ 
mote  FeTaN  (110)  growth  texture.  In  fact,  the  opposite  is 
true.  In  Fig.  5,  a  series  of  XRD  scans  are  plotted  which 
clearly  demonstrate  that  the  Cr  (110)  base  layer  actually  in¬ 
hibits  FeTaN  (110)  texture.  Note  that  the  Cr  (110)  peak  over¬ 
laps  the  FeTaN  (110)  peak  and  contribute  to  the  observed 
intensity  further  demonstrating  the  deleterious  effect  of  Cr 


FIG.  5.  Comparison  plot  of  0-26  XRD  scans  of  FeTaN  films  with  no  base 
layer  and  with  Cr  and  Ti  base  layers. 

(110)  base  layer  on  FeTaN  (110)  growth  texture.  The  reasons 
for  this  phenomenon  are  not  clear  at  this  time. 

The  improvement  of  Xs  can  be  directly  attributed  to  the 
enhancement  of  the  (110)  texture.  As  calculated  earlier,1,7 
(110)  textured  polycrystalline  Fe-based  films  should  have 
lower  Xs  than  randomly  oriented  Fe-based  films  and  the 
stronger  the  texture  the  lower  the  Xs .  Crystallographic  tex¬ 
ture  may  also  be  at  the  root  of  the  permeability  increase.  For 
Fe-Si  alloy  films  multilayered  with  permalloy  spacers,  a 
strong  correlation  between  improved  (110)  texture  and  in¬ 
creased  fa  has  been  reported.8  Although  it  is  not  surprising 
that  Hc  should  decrease  as  the  other  soft  magnetic  properties 
improve,  there  is  no  obvious  crystallographic  origin  to  this 
effect. 
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Soft  magnetic  properties  of  nanocrystalline  FeRuGaSi-Hf  alloy  films 
and  head  characteristics  for  the  embedded  thin  film  tape  head 
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The  Hf-added  FeRuGaSi  alloy  film  has  an  amorphous  structure  in  the  as-deposited  state  and 
becomes  nanocrystalline  after  annealing.  Due  to  this  structure  change  from  crystalline  to  amorphous 
by  the  addition  of  Hf,  soft  magnetic  degradation  of  the  film  deposited  on  the  slant  grooved  substrate, 
which  is  necessary  for  the  sophisticated  embedded  thin  film  (ETF)  head  structure,  is  greatly 
suppressed  and  the  undesirable  film  stress  is  relieved.  The  FeRuGaSi-Hf  alloy  film  has  higher 
resistivity  and  permeability  at  high  frequencies  than  those  of  sendust  film,  and  the  read/write 
characteristics  of  this  alloy  film  show  better  performance  than  sendust  film.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)12508-3] 


I.  INTRODUCTION 

The  embedded  thin  film  (ETF)  head  with  a  rubbing  sur¬ 
face  similar  to  a  TSS  (tilted  sputtered  sendust)  head  and  an 
embedded  thin  film  coil  in  between  the  gap,  has  potential 
characteristics  for  high  frequency  tape  recording  systems  be¬ 
cause  of  its  small  magnetic  core  size.1  The  read/write  char¬ 
acteristics  of  this  head  reflect  directly  film  core  permeability. 
The  FeRuGaSi  alloy,  which  has  high  permeability,  high  wear 
resistivity,  and  high  magnetization,  is  a  very  attractive  can¬ 
didate  for  the  core  material  of  this  head.2  The  thick  film 
deposited  on  the  slant  groove  substrate,  however,  gives  rise 
to  film  cracking/peeling  due  to  the  large  internal  stress  ac¬ 
companied  with  undesirable  growth  anisotropy.3  To  over¬ 
come  these  problems,  we  introduce  an  additive  element  to 
the  FeRuGaSi  alloy  system  with  the  aim  of  inhibiting  the 
grain  growth  by  annealing.  Among  the  elements  studied,  we 
found  Hf  is  the  most  effective  one  to  reduce  film  stress  as 
well  as  to  improve  high  frequency  permeability. 


II.  EXPERIMENT 

Thin  films  were  prepared  by  dc  magnetron  sputtering 
method  using  alloy  sputtering  target  of  100  mm  in  diameter. 
The  sputtering  conditions  are  0.5  Pa  in  Ar  gas  pressure  and 
400  W  of  incident  power.  The  thermal  treatment  was  per¬ 
formed  in  vacuum  without  a  magnetic  field  for  one  hour  at  a 
fixed  temperature.  Coercivity  and  magnetostriction  are  mea¬ 
sured  by  a  B-H  loop  tracer.  Permeability  was  measured  by  a 
figure-eight-coil  permeance  tester.  The  magnetic  induction 
was  measured  by  a  vibration  sample  magnetometer.  The 
x-ray  diffractions  are  measured  by  6-26  method  using  Co- 
Ka  radiation.  The  transmission  electron  microscope  (TEM) 
observation  was  also  performed  to  clarify  the  film  micro¬ 
structure.  The  embedded  thin  film  (ETF)  head  with  a 
FeRuGaSi-Hf  film  core  was  fabricated  by  the  same  process 
as  the  prior  study1  except  for  thermal  treatment  at  700  °C 
before  glass  molding.  Read/write  characteristics  were  mea¬ 
sured  with  a  conventional  drum  tester. 


III.  RESULTS  AND  DISCUSSION 

A.  Magnetic  properties 

Figure  1  shows  the  effects  of  Hf  content  on  the  coercivi- 
ties  of  Fe74  5_xRu4  5Ga3Si18Hfc  alloy  films  for  the  annealing 
temperatures  of  600  °C,  700  °C,  and  800  °C.  All  the  films 
were  deposited  on  flat  substrates.  Coercivities  increase  with 
Hf  additions  up  to  3  at.  %,  while  in  the  region  from  3.5  at.  % 
to  5.5  at.  %-Hf  very  small  coercivities  are  observed.  Coer¬ 
civities  minima  are  obtained  for  the  700  °C  annealing.  With 
the  fixed  contents  of  3.5  at.  %-Hf  and  4.5  at.  %-Ru,  the  com¬ 
positional  contours  of  coercivity,  magnetic  induction,  perme¬ 
ability,  and  zero  magnetostrictive  lines  are  shown  in  Fig.  2. 
All  the  specimens  were  annealed  at  700  °C.  There  was  no 
film  crack/peeling  for  all  the  specimens.  Eventually,  a  coer¬ 
civity  of  16  A/m,  permeability  of  1700,  and  magnetic  induc¬ 
tion  of  1.1  T  are  obtained  for  the  Fe71Ru45Ga3Si18Hf35  alloy 
film  with  a  10  fim  thickness. 

B.  Microstructure 

In  order  to  observe  the  microscopic  structure  of  the 
FeRuGaSi-Hf  alloy  film,  x-ray  diffraction  and  TEM  observa¬ 
tion  were  performed.  Figure  3  shows  the  x-ray  diffraction 
patterns  of  the  various  Hf  content  films  for  the  as  deposited 
state  and  after  annealing  ones  at  700  °C.  The  structure  of  the 
as  deposited  films  changes  from  crystalline  to  amorphous 


x  in  Fe74.5-xRu4.5Ga3Sii8Hfx 

FIG.  1.  Hf  composition  dependence  of  coercivity  for  various  annealing 
temperatures. 
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annealed  at  700°C 

Coercivity(A/m)  Permeability 


FIG.  2.  Compositional  contours  of  coercivities,  permeability,  magnetic  in¬ 
duction,  and  zero  magnetostrictive  line. 


with  increasing  Hf  content.  The  annealed  film  structure  be¬ 
comes  nanocrystalline  with  increasing  Hf  composition,  and 
crystalline  orientation  of  (110)  is  remarkably  suppressed  due 
to  random  orientation  of  the  crystallites.  In  the  system  with  a 
small  Hf  content,  diffraction  peaks  of  ordered  D03  phase 
such  as  (111)  are  not  observed  because  of  preferred  orienta¬ 
tion  of  (110),  while  in  Hf-rich  film  the  D03  peaks  are  recog¬ 
nized. 

Figure  4  shows  bright  field  TEM  images  in  the  as- 
deposited  film  (a)  and  the  annealed  ones  at  600  °C  (b)  and 
700  °C  (c).4  Hf-free  FeRuGaSi  film  shows  enormous  crystal 
growth  by  annealing,  and  crystal  structure  changes  from  B2 
to  D03  with  increasing  annealing  temperature.  For  the  Hf- 
added  film,  on  the  other  hand,  only  slight  crystal  growth  is 
observed  and  the  average  crystal  sizes  are  12  and  24  nm  for 
600  and  700  °C  annealing,  respectively.  The  crystal  structure 
of  the  FeRuGaSi-Hf  film  changes  from  B2  to  D03,  which  is 
the  same  character  as  in  the  FeRuGaSi  alloy  film.  Thus,  ma¬ 
jor  reasons  for  the  soft  magnetic  character  in  the  Hf  added 
system  are  (a)  because  of  the  D03  ordered  phase  and  (b)  due 
to  the  nanocrystalline  structure.5 

C.  Head  characteristics 

FeRuGaSi-Hf  film  is  suitable  for  a  magnetic  recording 
head  with  a  slant  groove  such  as  an  embedded  thin  film 
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FIG.  3.  X-ray  diffraction  patterns  of  the  as-deposited  and  annealed  films  for 
various  Hf  contents. 


FeRuGaSi  film  FeRuGaSi-Hf  film 


FIG.  4.  TEM  images  for  the  films  of  as-deposited  (a)  and  annealed  at 
600  °C  (b),  700  °C  (c). 

(ETF)  head,  because  the  amorphous  structure  of  the  as- 
deposited  film  can  reduce  anisotropy  by  diminishing  colum¬ 
nar  structure  and  crystal  orientation.  A  schematic  view  of  the 
embedded  thin  film  head  and  its  abbreviated  manufacturing 
process  is  shown  in  Fig.  5.  The  permeability  of  thin  film  on 
the  slant  grooved  part  is  measured  after  glass  molding.  Fig¬ 
ure  6(a)  shows  frequency  dependence  of  permeability  in  the 
Hf-FeRuGaSi  film  and  sendust  film  with  the  thickness  of  15 
pm.  FeRuGaSi-Hf  film  has  higher  permeability  compared 
with  that  of  sendust  film,  especially  in  high  frequencies. 

Frequency  dependence  of  the  reproducing  voltage  by  the 
read/write  measurement  is  shown  in  Fig.  6(b)  for  the  ETF 
head  utilizing  the  sendust  film  and  FeRuGaSi-Hf  film.  Ex¬ 
perimental  specifications  of  the  recording  measurements  are 
14  pm  in  track  width,  18  pm  in  gap  depth,  0.2  pm  in  gap 
length,  16  turns  in  coil  turns,  commercial  metal  particle  (MP) 


Film  sputtered  on  the  grooved 
substrate  before  glass  molding 


FIG.  5.  Schematic  view  of  the  embedded  thin  film  head. 
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FIG.  6.  (a)  Frequency  dependence  of  permeability  in  the  FeRuGaSi-Hf  and 
sendust  films,  (b)  Frequency  dependence  of  reproducing  voltage  in  the  ETF 
heads  with  FeRuGaSi-Hf  and  sendust  films. 

tape  for  a  Hi-8  VCR  (video  cassette  recorder),  and  10  m/s 
head-tape  speed.  Although  both  the  heads  have  almost  the 
same  reproducing  voltage  at  low  frequencies,  the 
FeRuGaSi-Hf  head  show  higher  output  than  that  of  the  sen¬ 
dust  head  at  high  frequencies.  These  results  correspond  to  the 
permeabilities  differences  of  the  films. 

One  of  the  possibilities  for  the  FeRuGaSi-Hf  film  having 
high  permeability  at  high  frequencies  is  considered  to  be  the 
high  resistivity  of  the  film.  Film  resistivities  are  shown  in 
Fig.  7  for  the  as  deposited  and  700  °C  annealed  films  with 
various  Hf  contents.  Hf-rich  films  show  higher  resistivities  of 
130-140  /m£l  cm  after  annealing  at  700  °C,  which  is  about 
40%  higher  than  that  of  sendust  film  annealed  at  the  opti¬ 
mum  temperature  of  600  °C.  Improvement  of  the  high  fre¬ 
quency  permeability,  however,  cannot  be  well-explained 
solely  from  the  resistivity  increase.  The  magnetic  flux  mostly 
concentrates  on  the  thin  skin  depth  of  the  film  in  high  fre¬ 


0  1  2  3  4  5  6  7 

x  in  Fe74.5-xRu4.5Ga3Sii8Hfx 


FIG.  7.  Hf  composition  dependence  of  resistivity. 

quencies.  The  magnetic  uniformity  of  the  soft  magnetic  char¬ 
acter  of  the  FeRuGaSi-Hf  alloy  film,  without  any  initial  and 
surface  degraded  layer,  is  better  than  that  of  sendust  film, 
because  the  as-deposited  FeRuGaSi-Hf  film  is  amorphous 
and  then  crystallized.  The  flux  path,  therefore,  may  be  better 
for  the  FeRuGaSi-Hf  alloy  film.  The  detailed  analysis  of  the 
high  frequency  character,  including  magnetic  domain  struc¬ 
ture,  should  be  subjects  for  future  research. 

IV.  CONCLUSION 

The  FeRuGaSi-Hf  alloy  film  shows  good  soft  magnetic 
properties  with  a  Hf  content  of  3.5-4. 5  at.  %.  The  as- 
deposited  FeRuGaSi-Hf  film  is  amorphous  and  becomes 
nanocrystalline  after  annealing.  The  origin  of  magnetic  soft¬ 
ness  is  considered  due  to  the  nanocrystalline  structure  as  well 
as  the  D03  ordered  structure.  The  ETF  head  with  this  film 
realized  better  high  frequency  recording  performance. 
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of  thin-film  recording  heads  for  perpendicular  magnetic  recording  system 
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Japan 

A  new  type  of  recording  head  for  a  perpendicular  magnetic  recording  system,  a  dual  track 
complimentary  (DTC)  type  of  thin-film  head,  was  proposed  in  this  study.  The  magnetic  core  of  the 
head  has  a  “t/”  character  shape  which  is  provided  with  “a  pair  of”  recording  tracks  and  the 
efficiency  to  detect  flux  reversal  in  the  media  will  become  high  enough  to  achieve  high  linear 
density.  The  two-dimensional  analysis  of  DTC  heads  implied  that  the  perpendicular  component  of 
the  head  field  should  become  larger  by  using  the  double-layered  media  under  a  narrower  spacing 
condition.  Recording  characteristics  using  conventional  ring  head  were  evaluated  in  order  to 
determine  the  principle  of  DTC  configuration.  Several  DTC  heads  were  prepared  using 
photolithography  technique  and  their  performances  were  examined.  A  typical  DTC  head  has 
inductance  of  about  500  nH,  which  is  relatively  low,  and  constant  up  to  10  MHz.  DTC  heads  seems 
to  be  one  of  the  most  hopeful  candidates  as  the  heads  useful  for  perpendicular  magnetic  recording 
systems.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)06608-3] 


I.  INTRODUCTION 

A  perpendicular  magnetic  recording  system  with  a  single 
pole-type  (SPT)  head  and  double-layered  thin-film  media  has 
a  high  potential  which  exceeds  the  longitudinal  magnetic  re¬ 
cording  systems  in  both  linear  and  track  recording  densities.1 
However,  the  reproducing  efficiency  is  still  insufficient  be¬ 
cause  of  the  relatively  opened  magnetic  circuit  system,  as 
shown  in  Fig.  1(a).  We  have  proposed  a  new  type  of  record¬ 
ing  head  for  perpendicular  magnetic  recording  system, 
named  as  a  dual  track  complimentary  (DTC)-type  of  head,2 
as  illustrated  schematically  in  Figs.  1(b)  and  1(c).  In  this 
system,  the  magnetic  core  in  the  head  (the  head  core)  has  a 
“{/”  character  shape  and  it  is  provided  with  “a  pair  of”re- 
cording  tracks.  As  shown  in  Fig.  1(c),  the  reproducing  flux 
from  one  pole  returns  to  another  pole  in  the  head  through  the 
perpendicularly  magnetized  recording  layer  and  the  soft 
magnetic  backlayer  of  the  medium.  So  the  closed  short  mag¬ 
netic  circuit  is  formed  and  the  efficiency  to  detect  flux  rever¬ 
sal  in  the  media  will  become  high  enough  to  achieve  high 
linear  density.  Furthermore,  both  of  the  poles  of  the  magnetic 
core  are  always  contacted  with  the  recorded  bits,  so  the  head 
is  free  from  interference  of  external  field.  It  seems  that  the 
track  density  advantage  of  perpendicular  recording  is  re¬ 
duced  by  a  factor  of  2.  However,  if  the  reproducing  output 
becomes  much  higher,  the  total  track  width  will  become  nar¬ 
rower  than  the  SPT  head  configuration. 

In  this  study,  first  a  theoretical  consideration  based  on  a 
two-dimensional  model  was  performed  to  determine  the  ef¬ 
ficiency  of  DTC  head.  Secondly,  using  a  conventional  ring 
type  of  thin-film  head,  the  read/write  characteristics  in  the 
DTC  head-media  system  were  evaluated  in  order  to  recog¬ 
nize  the  recording  mechanism  of  this  system.  Then,  a  DTC- 
type  of  several  thin-film  heads  were  prepared  using  photoli¬ 
thography  techniques  and  their  performances  were  evaluated. 

II.  THEORETICAL  ANALYSIS  OF  DTC  HEAD 
CONFIGURATION 

It  is  important  to  calculate  the  magnetic  field  originating 
from  recording  heads  in  order  to  determine  the  efficiency  of 


the  writing  and  reading  process.  Although  the  magnetic  fields 
of  the  DTC  head  should  be  calculated  in  three-dimensional 
analysis,  especially  in  a  thin-film-type  of  DTC  head  configu¬ 
ration,  two-dimensional  analysis  is  convenient  to  calculate 
the  field  more  easily.  Four  assumptions  were  made  for  the 
calculation:  (1)  the  head  field  can  be  calculated  from  mag¬ 
netic  scalar  potential  V,  (2)  the  head  core  and  the  backlayer 
are  perfectly  soft  magnetic  materials  with  infinite  permeabil¬ 
ity,  (3)  the  thickness  of  the  backlayers  is  infinite,  and  (4)  the 
relative  permeability  of  the  recording  layer  is  unity.  Then, 
the  magnetic  potential  caused  by  the  head  field  can  be  ex¬ 
pressed  as  a  two-dimensional  Laplace  equation.  However, 
this  kind  of  two-dimensional  analysis  is  valid  only  when 
there  is  no  change  in  the  field  in  the  third  dimension,  i.e.,  the 
direction  along  the  recording  track.  The  solution,  therefore, 
is  only  approximation  for  a  thin-film  head  with  DTC  con- 


(c) 


FIG.  1.  Schematic  illustrations  of  perpendicular  magnetic  recording  heads: 
(a)  Single  pole  type  (SPT)  of  recording  head,  (b)  and  (c)  Dual  track  com¬ 
plimentary  (DTC)  type  of  head. 
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FIG.  2.  Magnetic  force  line  distribution  around  gap  region  of  conventional 
recording  head. 


figuration.  Then,  the  magnetic  force  line  can  be  calculated 
analytically  by  using  a  conformal  mapping  with  Schwarz  - 
Christoffel  transformation. 

Figure  2  shows  the  magnetic  force  line  distribution 
around  the  poles  in  a  conventional  ring-type  of  head  derived 
by  Westmijze.3 

The  transformation  from  w -plane  to  a  z  one  in  the  gap 
region  of  the  DTC  head  was  expressed  as  follows,  using  the 
coordinate  as  illustrated  in  Fig.  3(a): 


*  8  i 

z  =  i  —  log 

77 


I'Jp+t 


\i 


log 


1  + 1\ 


yfP-t  VJV  l1"' 


\-g  +  ih  (1) 


t~ 


(2) 


Dual  Track  Complimentary  type  Head 


FIG.  3,  (a)  Coordinate  for  calculation  of  conformal  mapping,  (b),(c)  Mag¬ 
netic  force  line  distribution  around  gap  and  head  tip  region  of  DTC  record¬ 
ing  head. 


FIG.  4.  Dependence  of  reproduced  voltage  on  magnetomotive  force  of  DTC 
head  configuration  using  a  conventional  thin-film-type  of  recording  head. 


where  P  is  determined  by  boundary  condition.  Figures  3(b) 
and  3(c)  show  the  magnetic  force  line  distribution  around  the 
head  poles  of  a  DTC  head.  The  pole  gap  of  20  in  Figs.  3(b) 
and  3(c)  was  the  same  with  that  of  the  ring  head  in  Fig.  2  and 
the  head-backlayer  spacing  corresponded  to  1  and  0.5,  re¬ 
spectively.  It  has  been  recognized  that  the  field  beneath  the 
poles  of  the  DTC  head  should  be  stronger  than  that  of  the 
ring  head,  as  shown  in  Fig.  2.  In  addition,  the  perpendicular 
component  of  the  magnetic  field  around  the  tips  of  the  head 
is  very  large  and  dominant.  The  perpendicular  component  of 
the  head  field  seems  to  be  so  appropriate  to  enhance  the 
writing  and  reproducing  efficiency.  Consequently,  it  was 
concluded  that  the  DTC  head  configuration  may  be  very  ap¬ 
plicable  for  the  perpendicular  magnetic  recording  system  us¬ 
ing  the  double-layered  media. 

III.  RECORDING  CHARACTERISTICS  OF  DTC 
SYSTEM  USING  CONVENTIONAL  THIN-FILM  HEAD 

A  conventional  ring-type  of  head  was  used  to  detect 
written  magnetic  transitions  from  the  DTC  head  structure. 
The  moving  direction  of  the  head  was  rotated  through  90° 
from  the  conventional  moving  direction,  as  shown  in  the 
insets  in  Fig.  4.  Ba-ferrite  floppy  disks  (type  ED)  and  Co- 
Cr-Ta/Ni-Fe  double-layered  thin-film  media  for  perpen¬ 
dicular  recording  were  used  for  evaluating  the  recording 
characteristics.  Several  parameters  of  the  Co-Cr-Ta  media 
were  listed  in  Table  I. 

Figure  4  shows  the  dependence  of  the  reproduced  volt¬ 
age  on  the  motive  force  of  the  DTC  head  configuration  at 
linear  recording  density  of  400  frpi  using  a  conventional 


TABLE  I.  Parameters  of  Co-Cr-Ta/Ni~Fe  double-layered  media. 


Cog5Cr 

13^2 

Nisi 

Fe]9 

Co85Cr13Ta2 

Thickness 

200  [nm] 

Thickness 

200  [nm] 

Ni8iFe19 

Ms 

5.5  [kG] 

Hcl! 

1.2  [Oe] 

Glass  substrate 

Hcl 

1.6  [kOe] 

1.1X103 

Hk 

6.0  [kOe] 
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(a) 


moving  direction 


FIG.  5.  (a)  Top  view  (b)  cross  section,  and  (c)  SEM  image  of  DTC-type  of 
thin-film  head. 

ring-type  of  thin-film  head  and  Ba-ferrite  floppy  disk  or 
Co-Cr-Ta/Ni-Fe  double-layered  media.  In  both  cases,  the 
output  voltages  were  not  so  high  because  the  conditions  of 
spacing  between  head  and  media  and  the  measurement  appa¬ 
ratus  could  not  be  optimized.  Furthermore,  it  was  considered 
that  the  perpendicular  component  of  recording  field  was  rela¬ 
tively  weak  because  0.35  fi m  of  the  gap  of  two  poles  was  too 
short.  However,  it  was  confirmed  that  saturation  recording 
could  be  performed  using  the  DTC  head  configuration  and 
the  perpendicular  media  such  as  Co-Cr-Ta/Ni-Fe  thin-film 
media. 

IV.  PREPARATION  OF  DTC  THIN-FILM  HEADS 

Figures  5(a)  and  5(b)  show  the  typical  configuration  of 
the  DTC  head  and  Fig.  5(c)  shows  the  scanning  electron 
micrograph  (SEM)  images  of  the  head,  respectively,  pre¬ 
pared  in  this  study. 


Frequency  [MHz] 

FIG.  6.  Change  of  impedance  of  head  as  a  function  of  frequency  of  100 
kHz-80  MHz. 

Ni-Fe  thin  films  for  magnetic  core  layers  and  A1  layers 
for  electric  coils  were  deposited  by  using  the  facing  target 
sputtering  (FTS)  apparatus.  Insulating  layers  were  made  of 
photoresist.  The  fabrication  procedure  is  similar  to  one  for  a 
conventional  ring-type  of  thin  film  head.  However,  the  upper 
magnetic  pole  was  not  put  above  the  lower  pole  in  order  to 
construct  a  pair  of  recording  tracks,  and  then  they  performed 
totally  as  a  DTC  head. 

Figure  6  shows  the  change  of  the  head  impedance  as  a 
function  of  frequency  in  the  range  from  0. 1  to  80  MHz.  The 
head  inductance  is  relatively  low  and  almost  constant  up  to 
10  MHz.  These  results  insist  that  the  heads  of  DTC  configu¬ 
ration  can  be  applicable  at  relatively  high  frequency. 

V.  CONCLUSION 

A  dual  track  complimentary  (DTC)-type  of  thin-film  re¬ 
cording  heads  was  proposed  in  this  study. 

Theoretical  calculation  implied  that  the  perpendicular 
component  of  the  head  field  becomes  larger  by  using  the 
double-layered  media  under  narrower  spacing  condition. 
These  results  suggested  that  the  heads  of  DTC  configuration 
are  suitable  to  apply  for  the  perpendicular  magnetic  record¬ 
ing  system. 

Read/write  characteristics  using  a  conventional  ring-type 
of  thin-film  head  and  the  Ba-ferrite  or  Co-Cr-Ta/Ni-Fe 
media  implied  that  the  DTC  head  should  be  applicable  to  the 
perpendicular  recording  system. 

The  head  composed  of  Ni-Fe  core  layers  and  A1  spiral 
coils  has  relatively  low  and  constant  inductance  up  to  10 
MHz.  These  results  insist  that  the  DTC  heads  can  be  appli¬ 
cable  at  high  frequency,  which  is  required  for  higher  record¬ 
ing  density  and  higher  transfer  rate  of  data. 

In  conclusion,  the  DTC-type  of  recording  heads  may  be 
one  of  the  candidates  for  use  in  perpendicular  magnetic  re¬ 
cording  systems  in  the  near  future. 

1 S.  Iwasaki,  Y.  Nakamura,  S.  Yamamoto,  and  K.  Yamanaka,  IEEE  Trans. 
Magn.  MAG-19,  1713  (1983). 

2S.  Nakagawa,  Y.  Miyamoto,  and  M.  Naoe,  J.  Magn.  Soc.  Jpn.  17,  97 
(1993). 

3W.  K.  Westmijze,  Philips  Res.  Rep.  8,  161  (1953). 
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Soft  magnetic  bilayered  microstrip  films  have  been  studied  for  various  materials  such  as  Ni-Fe- 
Mo-Cu,  Co-Zr-Mo-Ni,  Fe-Si-N,  and  Ni-Fe  in  terms  of  their  magnetization  dynamics.  Effects 
of  the  strip  width  and  the  interlayer  thickness  on  permeability  were  investigated.  An  optimum 
interlayer  thickness  was  found  for  obtaining  the  maximum  permeability  for  those  films  except 
Fe-Si-N,  but  the  optimum  value  differs  in  magnetic  film  material.  A  scanning  Kerr  effect 
microscope  observation  reveals  that  permeability  variations  with  strip  width  related  to  changes  of 
the  dynamic  domain  configurations  of  the  strips.  All  magnetic  film  materials  except  Fe-Si-N  show 
a  high  permeability  of  more  than  1000  at  2  /am  strip  width  at  each  optimum  interlayer  thickness. 
When  the  film  width  is  reduced  to  1  /xm,  however,  the  permeability  decreases  significantly 
regardless  of  the  interlayer  thickness  and  kinds  of  the  film  materials.  For  such  narrow  strip  film,  a 
higher  permeability  is  obtained  for  higher  anisotropy  field.  It  is  concluded  that  the  shape  anisotropy 
of  the  micropattemed  films  must  be  controlled  for  achieving  a  higher  permeability.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)12608-X] 


I.  INTRODUCTION 

Sliding  contact  recording  is  attractive  for  high  density 
recording  because  of  the  minimum  spacing  loss.  A  contact 
recording  head  such  as  a  single  pole  head  for  perpendicular 
recording  or  a  MR  head  with  a  recessed  MR  sensor  is  inevi¬ 
table  to  have  a  flux  conducting  yoke.  To  improve  recording 
performances,  especially,  reproducing  sensitivity,  a  very  nar¬ 
row  strip-shaped  thin  film  with  a  high  permeability  is  re¬ 
quired  for  such  the  yoke.  We  have  recently  reported  that 
permeability  variation  with  respect  to  the  strip  width  is  af¬ 
fected  by  the  interlayer  thickness  for  Ni-Fe  bilayered  strip 
films.1  In  this  paper,  microstrip  soft  magnetic  films  of  vari¬ 
ous  materials  of  Ni-Fe-Cu-Mo,  Co-Zr-Mo-Ni  (Ref.  2) 
and  Fe-Si-N  have  been  studied  in  terms  of  their  permeabil¬ 
ity  and  domain  magnetization  behavior.  Such  magnetic  be¬ 
haviors  of  microrectangular  films  with  various  aspect  ratios 
are  also  discussed  from  the  view  point-of-head  yoke  appli¬ 
cation. 

II.  EXPERIMENTS 

The  films  were  deposited  using  an  rf  sputtering  method 
onto  Si  substrates  with  an  applied  magnetic  field.  The  sput¬ 
tering  conditions  are  listed  in  detail  in  Table  I  along  with 


those  for  Ni-Fe  films3  deposited  by  ion-beam  sputtering 
(IBS).  The  bilayered  film  was  composed  of  two  magnetic 
layers  of  20  nm  thick  and  a  nonmagnetic  interlayer.  The 
interlayer  thickness  was  varied  from  2  to  5  nm,  where  the 
bilayered  sheet  films  exhibited  no  changes  in  coercivity  or 
anisotropy  field,  representing  no  exchange  coupling  between 
magnetic  layers.  A  5  nm  thick  underlayer  and  overlayer  of 
the  same  material  as  interlayer  shown  in  the  table  were 
formed.  The  sheet  film  of  about  9  mm  square  was  etched  by 
ion  milling  into  an  array  of  strips  with  different  widths  keep¬ 
ing  a  constant  strip  packing  density  of  50%.  The  anisotropy 
field  Hk  of  the  film  was  in  the  range  from  2.5  to  4  Oe. 

Permeability  in  the  strip  length  direction,  namely,  the 
hard  axis  of  magnetization  in  the  original  sheet  film,  was 
measured  by  an  eight-figured  coil  method  with  a  driving 
magnetic  field  of  5  mOe  at  10  MHz.  Dynamic  domain  be¬ 
havior  was  observed  by  a  scanning  Kerr  effect  microscope 
(SEKM)  with  a  driving  field  frequency  of  0.5  MHz. 

III.  RESULTS  AND  DISCUSSIONS 
A.  Bilayered  strips  of  moderate  width 

The  strip  width  dependence  of  the  permeability  for  the 
bilayered  film  is  shown  in  Fig.  1  along  with  the  previous 


TABLE  I.  Sputtering  conditions. 


Target  (Interlayer) 

Ni-Fe-Mo-Cu/(Ti) 

Co-Zr-Mo-Ni/(Si02) 

Fe-Si-N/(Si3N4) 

Ni-Fe/(Ti) 

Composition 

78:14:4.5:3.5  (wt  %) 

79:10:9:2  (at.  %) 

98.5:1.5  (wt  %) 

81.2:18.8  (wt%) 

Ms  of  film  (emu/cc) 

490 

590 

1500 

800 

Sputtering  method 

rf 

rf 

rf 

IBS 

Target  diameter  (mm) 

100 

100 

100 

150 

Total  pressure  (Pa) 

0.5 

0.5 

0.4 

0.032 

N2  partial  pressure  (Pa) 

0 

0 

0.04 

0 

Power  (W) 

200/(50) 

200/(50) 

200/(50) 

1  kV/150  mA 

Substrate  temperature  (°C) 

water  cooled 

water  cooled 

150 

water  cooled 

Target-Subst.  distance  (mm) 

60 

60 

60 

250 

Substrate 

Si 

Si 

Si 

corning  7059 
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FIG.  1.  Dependence  of  permeability  of  bilayered  strip  films  on  strip  width 
as  a  parameter  of  interlayer  thickness. 


results  in  Fig.  1(d)  for  the  Ni-Fe  bilayered  film.  For  any  of 
the  materials,  the  permeability  decreased  as  the  strip  width 
W  decreased  from  9000  /zm  (sheet  state)  to  around  100  /z m. 
For  further  reduction  of  the  strip  width,  the  permeability  un¬ 
dulated  and  the  manner  depends  on  the  interlayer  thickness 
b.  It  is  noted  that  the  permeability  variation  with  respect  to 


> 


strip  width  direction 


FIG.  2.  Scanning  Kerr  effect  microscope  images  of  Co-Zr-Mo-Ni  bilay¬ 
ered  strip  films  of  width  for  (a)  minimum  and  (b)  maximum  permeability. 


the  interlayer  thickness  in  the  region  below  100  ytzm  is  quite 
different  in  the  magnetic  materials  as  seen  between  Fig.  1(a) 
and  Fig.  1(d). 

For  the  Ni-Fe-Mo-Cu  bilayered  film  with  Ti  interlayer, 
the  permeability  changes  with  the  strip  width,  in  the  same 
manner  as  NiFe  film,  exhibiting  a  peak  value  as  shown  in 
Fig.  1(a).  However,  the  strip  width  for  the  maximum  perme¬ 
ability  decreases  with  increasing  interlayer  thickness  in  Fig. 
1(a),  while  it  increases  in  Fig.  1(d).  The  tendency  in  Fig.  1(a) 
was  similarly  observed  for  the  Ni-Fe-Mo-Cu  bilayered 
films  deposited  on  glass  substrates  by  either  ion-beam  sput¬ 
tering  or  rf  sputtering.  As  reported  by  the  authors,4  the  in¬ 
crease  in  permeability  with  decreasing  strip  width  can  be 
explained  by  the  domain  configuration  transition  from  the 
multidomain  state  to  the  single-domain-like  state,  namely  the 
easy-axis  state.5 

On  the  other  hand,  the  Co-Zr-Mo-Ni  bilayered  film 
showed  a  complicated  tendency  as  shown  in  Fig.  1(b),  where 
the  Si02  interlayer  was  used.  For  the  2  nm  thick  interlayer, 
the  permeability  change  displayed  a  oscillatory  curve  accord¬ 
ing  to  the  strip  width  exhibiting  the  minima  and  the  maxima. 
In  order  to  investigate  this  phenomenon,  Scanning  Kerr  im¬ 
ages  of  the  strips  were  observed  at  a  driving  field  of  1  Oe. 
The  results  are  shown  in  Fig.  2.  The  films  with  minimum 
permeability  exhibited  a  multidomain  configuration  accom¬ 
panied  by  large  domains  insensitive  to  the  applied  field.  To 
the  contrary,  although  small  variation  of  contrast  was  ob¬ 
served,  the  strip  films  for  the  maximum  permeability  re¬ 
sponded  uniformly  throughout  the  whole  strip,  similarily  to 
the  Ni-Fe-Mo-Cu  films  and  the  Ni-Fe  films  of  strip  width 
for  the  maximum  permeability.  Therefore,  the  oscillatory 
change  of  the  permeability  for  the  Co-Zr-Mo-Ni  film  is 
attributed  to  the  domain  structure,  though  the  mechanism  of 
change  in  domain  configuration  is  not  clear. 

As  for  the  Fe-Si-N  films,  the  permeability  decreased 
monotonically  with  decreasing  the  strip  width  regardless  of 
the  interlayer  thickness.  This  may  be  due  to  the  fact  that 
magnetic  interaction  between  the  layers  is  rather  weak  owing 
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FIG.  3.  Effect  of  anisotropy  field  on  permeability  of  Co-Zr-Mo-Ni  bilay- 
ered  strip  films. 

to  a  relatively  high  He  of  around  0.5  Oe  and  generally  seen 
large  dispersion  of  anisotropy  of  the  intrinsic  sheet  film. 

B.  Very  narrow  bilayered  strips 

When  a  proper  interlayer  thickness  is  chosen,  the  perme¬ 
ability  more  than  2000  as  the  same  value  of  the  original  sheet 
film  could  be  obtained  for  the  10  /um  width  in  any  film 
material  except  Fe-Si-N.  However,  as  the  strips  become 
narrower  than  10  /mi,  the  permeability  rapidly  decreases  and 
finally  drops  to  the  value  as  low  as  few  hundred  at  1  /mm 
width.  According  to  the  edge-curling  wall  theory  by  Slonc- 
zwski  et  al5  and  by  Ruhrig  et  al.,6  the  easy-axis  state 
changes  into  the  hard-axis  state  at  the  critical  strip  width  Wc. 
The  calculated  values  of  Wc  range  between  1.4  and  2.1  /im 
for  our  experimental  Hk' s.  Therefore,  it  is  easily  understood 
that  the  lowest  permeability  was  obtained  at  1  /im  strip 
width  for  every  kinds  of  materials.  On  the  other  hand,  when 
the  anisotropy  field  Hk  is  increased,  the  Wc  should  decrease, 
then,  permeability  would  be  improved  even  for  1  /im  strips. 
Figure  3  shows  the  effect  of  the  Hk  on  the  permeability  for 
the  Co-Zr-Mo-Ni  bilayered  strip  films.  A  Ti  interlayer  and 
glass  substrates  are  used  in  this  case.  The  permeability 
changes  differently  from  that  in  Fig.  1(b).  As  the  Hk  is  in¬ 
creased  up  to  7  Oe,  a  higher  permeability  than  the  previously 
mentioned  strips  is  obtained  for  the  very  narrow  strip  width 
of  1  /im.  Besides  edge-curling  wall,  other  possible  origins  of 
the  low  permeability  for  1  /zm  strip  are  the  increase  in  coer- 
civity  and  the  localized  insensitive  domains.4  For  example, 
the  coercivity  reaches  to  about  10  Oe  at  around  1  /im  of  the 
strip  width.  Therefore,  it  seems  difficult  to  further  improve 
the  permeability  for  such  very  narrow  long  strips  by  adjust¬ 
ing  the  material  parameters. 

C.  Aspect  ratio  of  strip 

Figure  4  shows  the  scanning  Kerr  images  for  the  Ni- 
Fe-Mo-Cu  bilayered  strip  film  which  were  measured  before 
and  after  forming  the  array  of  rectangular- shaped  patterns 


FIG.  4.  Scanning  Kerr  effect  microscope  images  of  (a)  long  strip-shaped 
and  (b)  microrectangular  Ni-Fe-Mo-Cu  bilayered  films. 

whose  size  is  2  /im  in  width  and  5  /im  in  length.  It  was 
found  that  the  microrectangular  shape  films  with  a  small 
shape  anisotropy,  whose  size  is  the  same  order  as  actual  head 
elements,  respond  more  uniformly  to  the  driving  field,  com¬ 
paring  with  the  continuously  long  strip-shaped  films.  This 
has  been  prospected  by  the  partial  response  of  magnetization 
for  a  narrowest  film.4  Therefore,  the  shape  anisotropy  of  the 
strip  is  one  of  the  factors  to  define  the  magnetization  con¬ 
figurations.  It  is  safe  to  say  that  the  optimization  of  the  shape 
anisotropy  of  the  patterned  film  could  give  rise  to  a  high 
effective  permeability. 

IV.  CONCLUSIONS 

The  permeability  of  the  microstrip  bilayered  films  of 
Ni-Fe-Cu-Mo,  Co-Zr-Mo-Ni,  and  Fe-Si-N  was  investi¬ 
gated.  An  optimum  interlayer  thickness  was  found  for  ob¬ 
taining  the  maximum  permeability  and  is  determined  by  the 
film  material  itself.  When  the  interlayer  thickness  was  kept  at 
the  optimum,  similar  value  of  permeability  to  that  for  the 
original  sheet  film  could  be  obtained  except  for  a  Fe-Si-N 
film.  For  very  narrow  and  long  strips  of  1  /im  width,  it  is 
necessary  to  increase  the  Hk  for  a  high  permeability.  Further 
investigations  regarding  multilayered  strip  films  with  thinner 
magnetic  layers  is  also  necessary.  As  a  highly  homogeneous 
response  was  obtained  for  a  small  aspect  ratio  pattern,  the 
shape  anisotropy  has  a  key  effect  to  improve  magnetic  sen¬ 
sitivity  of  the  micropattemed  film. 
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Pole  tip  recession  studies  of  hard  carbon-coated  thin-film  tape  heads 

Bharat  Bhushan  and  Steven  T.  Patton 
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Ramesh  Sundaram  and  Subrata  Dey 
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Hard  carbon  coatings  were  deposited  by  cathodic  arc  and  direct  ion  beam  deposition  techniques  on 
thin-film  Al203-TiC  heads  and  by  the  latter  technique  on  thin-film  Ni-Zn  ferrite  heads.  Functional 
accelerated  tests  were  conducted  against  metal  particle  tapes  in  a  linear  tape  drive.  Ion  beam  carbon 
coatings  on  Ni-Zn  ferrite  and  Al203-TiC  heads  substantially  reduced  the  pole  tip  recession 
observed  with  uncoated  heads.  Cathodic  arc  carbon  coated  A1203— TiC  heads  performed  better  than 
uncoated  heads,  but  were  less  effective  than  the  ion  beam  coating.  Pole  tip  recession  increased  only 
if  carbon  was  removed  from  the  pole  tip.  This  suggests  that  coating  effectiveness  is  determined  by 
its  adherence  to  the  pole  tip.  In  two-wide  pole  tip  heads,  wear  of  the  pole  adjacent  to  the  substrate 
was  less  than  that  of  the  other  pole.  Coatings  withstood  accelerated  tests  and  may  meet  life  time 
requirements  of  future  heads.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)12708-6] 


A  major  problem  in  thin-film  recording  heads  is  pole 
tip/gap  recession  in  inductive  heads.1  Pole  tip  recession  (rela¬ 
tive  wear  of  the  pole  tip  with  respect  to  the  air  bearing  sur¬ 
face  or  ABS)  and  other  damage  to  the  head  structure,  which 
may  result  in  signal  degradation,  can  be  minimized  by  de¬ 
positing  a  thin  (~5  to  20  nm)  hard  carbon  coating  over  the 
entire  ABS,  including  the  head  structure.2-4  Sputter  depos¬ 
ited  carbon  coatings  are  currently  used  in  MR  heads.3,4  Ca¬ 
thodic  arc  and  direct  ion  beam  deposition  techniques  are 
highly  energetic  processes  which  are  known  to  produce  a 
dense  and  hard  coating  with  good  adhesion  to  the 
substrate.5,6  Recent  screening  studies5,6  have  shown  that  ca¬ 
thodic  arc  and  ion  beam  carbon  coatings  are  superior  in  me¬ 
chanical  properties  and  scratch  and  wear  resistance  to  sput¬ 
tered  and  plasma-enhanced  chemical  vapor  deposition 


FIG.  1.  Top  view  schematic  of  IBM  3480/3490  type  of  head  and  expanded 
view  of  the  thin-film  structure  for  each  substrate. 


(PECVD)  carbon  coatings.  The  objective  of  this  research 
was  to  conduct  functional  tape  drive  tests  with  coated 
dummy  Al203-TiC  and  Ni-Zn  ferrite  heads  with  thin-film 
head  structure. 

Al203-TiC  and  Ni-Zn  ferrite  heads  (rms=1.5  nm)  with 
IBM  3480/3490  type  of  construction  were  selected  for  this 
study,  Fig.  1.  One  of  the  two  modules  (19  mmX3.8  mm)  had 
the  thin-film  construction  of  an  inductive  write  head, 
whereas  the  second  module  was  a  dummy  module.  The  ra¬ 
dius  of  the  modules  was  20  mm.  Thick  films  of  NiFe  were 
electroplated  and  A1203  and  thin  films  of  NiFe  were  rf  sput- 


Wrap  angle  (deg) 


Tension  (N) 


FIG.  2.  Coefficient  of  friction  and  friction  force  at  nominal  experimental 
conditions  as  a  function  of  (a)  wrap  angle,  (b)  sliding  velocity,  and  (c)  tape 
tension. 
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FIG.  3.  Pole  tip  recession  vs  sliding  distance  as  measured  with  an  AFM.  AFM  scans  across  the  thin-film  structure  at  various  sliding  distances  and  optical 
micrographs  [except  (a)  and  (c)]  of  the  coated  thin-film  structure  at  various  sliding  distances  for  (a)  uncoated  Ni-Zn  ferrite  heads  before  and  after  being  run 
against  Cr02  and  MP  tapes,  (b)  uncoated  and  ion  beam  carbon  coated  Ni-Zn  ferrite  heads  run  against  MP  tape,  (c)  and  (d)  uncoated  and  ion  beam  carbon 
coated  Al203-TiC  heads  run  against  MP  tape,  and  (e)  uncoated  and  cathodic  arc  carbon  coated  Al203-TiC  heads  run  against  MP  tape. 
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tered.  Al203-TiC  heads  have  two  poles  with  thin-film  struc¬ 
ture,  and  Ni-Zn  ferrite  heads  utilize  a  single  pole  tip  (Fig.  1). 
The  hard  amorphous  carbon  (a-C)  (also  referred  to  as  dia¬ 
mondlike  carbon)  coatings  with  20  nm  thickness  were  depos¬ 
ited  by  cathodic  arc  and  ion  beam  deposition  techniques.5,6 
Nanoindentation  hardness  values  of  cathodic  arc  and  ion 
beam  carbon  coatings  are  38  and  19  GPa,  respectively, 
whereas,  hardness  of  commonly  used  sputtered  carbon  is 
about  15  GPa.5  The  critical  load  required  to  damage  cathodic 
arc  and  ion  beam  coatings  in  microscratch  experiments  is 
more  than  a  factor  of  two  higher  than  that  of  the  sputtered 
coatings.5  The  sliding  tests  on  coated  heads  run  against  Fuji 
Atomm  double  layer  video  grade  (substrate/total  thickness 
=9.8/13.2  (i m)  metal  particle  (MP)  magnetic  tapes  (rms=4 
nm,  P-V=31  nm)7  were  carried  out  using  a  linear  tape  drive 
(Honeywell  96)  at  1.7  N  of  tape  tension  and  3  m/s  sliding 
velocity  in  an  ambient  environment  (22 ±1  °C  and  45 ±5% 
RH)  to  sliding  distances  of  500-1000  km.7  In  normal  drive 
operation,  the  tape  wraps  17°  over  the  head  and  engages  one 
half  of  the  outer  bleed  slots  (Fig.  1),  which  results  in  a  flying 
height  of  less  than  100  nm.  In  these  experiments,  about  90% 
of  the  outer  bleed  slots  were  engaged  by  wrapping  the  head 
to  increase  the  minimum  film  thickness  region  (which  may 
accelerate  wear  by  particle  entrapment)  and  to  increase  the 
friction  force  (which  may  accelerate  wear).  Data  in  Fig.  2(a) 
shows  an  increase  in  both  the  friction  force  and  coefficient  of 
friction  at  large  wrap  angles.  Since  at  low  sliding  velocity 
and  high  tape  tension,  the  coefficient  of  friction  is  higher 
than  that  under  the  condition  of  entire  slot  engagement  as 
shown  in  Figs.  2(b)  and  2(c),  it  appears  that  air  bearing  effect 
is  still  present  at  the  test  conditions. 

The  pole  tip  recession  was  measured  by  atomic  force 
microscope  (AFM)  imaging  before  and  after  the  sliding  tests. 
For  recession  measurements,  the  head  was  placed  on  a  linear 
stage.  A  pole  on  one  end  was  first  located  in  an  optical  mi¬ 
croscope,  and  then  the  others  were  located  with  respect  to 
that  pole.  Typically,  poles  numbered  3,  7,  11,  and  15  (out  of 
1  to  18)  were  imaged  and  photographed  in  this  study  to 
account  for  any  variability  across  the  tape  width  (Fig.  1). 
Pole  tip  recession  was  referenced  to  the  substrate  nearest  to 
the  pole,  and  the  average  was  taken  over  each  pole.  Pole  tip 
recession  for  a  given  condition  is  the  average  over  the  four 
chosen  poles. 

Figure  3(a)  shows  a  comparison  of  the  results  obtained 
by  running  Cr02  (rms=17.1  nm,  P— V=161  nm)  and  MP 
tapes  against  uncoated  Ni-Zn  ferrite  heads.7  Cr02  tape 
caused  a  large  pole  tip  recession  and  catastrophic  wear  of  the 
thin-film  region  after  only  5  km  of  sliding  distance,  whereas 
MP  tape  produced  smaller  pole  tip  recession  and  relatively 
minor  damage  primarily  in  the  form  of  scratching  to  the 
thin-film  region  after  500  km  of  sliding  distance.  MP  tape 
was  selected  since  this  tape  is  considered  for  advanced  thin- 
film  head  applications. 


Figure  3(b)  shows  a  comparison  of  the  performance  of 
uncoated  and  ion  beam  carbon  coated  Ni-Zn  ferrite  heads 
during  sliding  experiments.  The  pole  tip  recession  increased 
with  sliding  distance  for  the  uncoated  head,  but  remained 
essentially  constant  over  a  larger  sliding  distance  for  the 
coated  head  (error  bars  in  the  left  block  represent  the  vari¬ 
ability  in  the  average  pole  tip  recession  over  the  four  chosen 
poles).  The  2D  AFM  line  scans  of  the  uncoated  head  show 
that  the  entire  thin-film  region  recessed  from  the  ABS  with 
increased  sliding  distance.  Optical  micrographs  of  the  coated 
head  show  that  the  coating  remained  on  the  pole  tips  through 
1000  km  of  sliding  distance  which  prevented  growth  of  pole 
tip  recession. 

Figures  3(c)  and  3(d)  show  a  comparison  of  the  perfor¬ 
mance  of  uncoated  and  ion  beam  carbon  coated  Al203-TiC 
heads  during  sliding  experiments.  The  pole  tip  recession  in¬ 
creased  with  sliding  distance  for  the  uncoated  head,  but  re¬ 
mained  essentially  constant  over  a  larger  sliding  distance  for 
the  coated  head.  The  3D  [Fig.  3(c)]  and  2D  [Fig.  3(d)]  AFM 
line  scans  show  that  the  coating  reduced  the  growth  of  reces¬ 
sion  of  the  entire  thin-film  region  from  the  ABS  with  in¬ 
creased  sliding  distance  as  compared  to  that  observed  with 
the  uncoated  head.  Optical  micrographs  in  Fig.  3(d)  show 
that  the  coating  remained  on  the  pole  tips  through  1000  km 
of  sliding. 

Figure  3(e)  shows  a  comparison  of  the  performance  of 
uncoated  and  cathodic  arc  carbon  coated  Al203-TiC  heads 
during  sliding  experiments.  The  performance  of  the  cathodic 
arc  carbon  coated  head  in  preventing  pole  tip  recession  was 
better  than  the  uncoated  head,  but  was  less  effective  than  the 
ion  beam  carbon  coating.  The  2D  AFM  line  scans  and  optical 
micrographs  of  the  coated  head  show  that  the  coating  was 
removed  from  the  pole  farthest  from  the  substrate  (bottom 
pole  in  optical  micrographs)  after  sliding  between  5  and  100 
km.  Further  growth  in  recession  of  this  pole  tip  after  100  km 
observed  with  the  uncoated  head  did  not  occur.  Further  note 
that  wear  of  carbon  coating,  when  it  occurred,  was  initiated 
at  the  pole  tips  which  is  related  to  the  adhesion  of  carbon  to 
various  layers  present  on  the  substrate.  Finally,  no  loose  de¬ 
bris  was  found  on  the  thin-film  region  near  the  pole  tips  in 
tests  with  uncoated  and  coated  heads. 

We  thank  Paul  D.  Reader  of  Ion  Tech  Inc.  and  S.  Anders 
of  Lawrence  Berkeley  Laboratory  for  coating  of  the  heads. 
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Heat  capacity  measurements  of  NiO/CoO  superlattices  (invited)  (abstract) 

E.  N.  Abarra,  K.  Takano,a)  F.  Heilman,  and  A.  E.  Berkowitza) 

Department  of  Physics,  University  of  California  at  San  Diego,  La  Jolla,  California  92093-0319 

We  present  heat  capacity  measurements  of  NiO/CoO  superlattices  grown  by  reactive  sputtering. 

Neutron  diffraction  studies  of  similar  superlattices  have  shown  antiferromagnetic  ordering  through 
several  bilayers  despite  the  short-range  nature  of  the  spin  interaction  in  the  constituent  materials.1 
Specific  heat  measurements  were  made  using  a  unique  thin  film  microcalorimeter  capable  of 
measuring  the  heat  capacity  of  thin  films  from  1.5  K  to  well  above  room  temperature.2  We  examine 
the  effect  of  exchange  coupling  at  the  interfaces  by  varying  the  thickness  of  the  bilayers.  For  thin 
bilayers  (26  A),  we  observe  a  single  broad  heat  capacity  peak  similar  to  a  Ni0  5Co0  50  alloy.  This 
peak  is  at  a  temperature  which  corresponds  to  the  superlattice  magnetic  blocking  temperature.  For 
thicker  bilayers  (>50  A),  two  broad  maxima  occur  which  approach  the  individual  Neel  temperatures 
of  CoO  and  NiO  with  increasing  bilayer  thickness.  The  ordering  temperature  of  the  NiO  layers  is 
more  suppressed  than  expected,  indicating  a  more  pronounced  size  effect  compared  to  the  CoO 
layers.  The  magnetic  entropy  S=R( In  3+ln  2)/2  for  the  superlattices,  within  the  uncertainties  of  the 
measurement,  is  conserved.  We  compare  the  temperature  dependences  of  the  specific  heats  to 
various  models.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)43608-2] 
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Finite-size  scaling  in  thin  antiferromagnetic  CoO  layers 

T.  Ambrose  and  C.  L.  Chien 
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Finite-size  scaling  effects  in  CoO,  an  antiferromagnetic  insulator  with  localized  moments,  have  been 
observed  in  CoO/Si02  multilayers.  The  Neel  temperatures  of  the  CoO  layers,  as  determined  by 
susceptibility  measurements,  shows  a  finite-size  scaling  relation  with  a  shift  exponent  of 
\=1.6±0.1.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)22008-5] 


Thin  films  are  suitable  media  for  studying  finite-size  ef¬ 
fects,  where  the  correlation  length  in  the  lateral  dimensions 
are  not  limited  but  clamped  in  the  direction  of  the  layer 
thickness.  Near  the  bulk  ordering  temperature  the 

temperature  dependence  of  the  correlation  length  has  a 
power-law  dependence  of 


o 


l- 


T 


(1) 


where  £0  is  the  correlation  length  at  T—  0  K,  and  v  is  the 
critical  exponent  for  the  correlation  length  From  Eq.  (1), 
the  ordering  temperature  [T0(t)\  of  a  thin  layer  of  thickness 
t  varies  as 


T0M-T0(t)  je0y  w 

r0(“)  -Ur 

where  X  is  the  shift  exponent  for  finite-size  scaling,  k—l/v, 
and  T0(t)  is  less  than  T0( «>). 

In  a  low  Tc  superconductor  where  the  coherence  length 
is  hundred  of  A  long,  a  reduction  in  Tc  can  be  more 
easily  observed  in  superconducting  thin  films  a  few  hundred 
of  A  in  thickness.2  For  strongly  correlated  systems,  such  as 
ferromagnets,  where  the  correlation  length  is  of  the  order  of 
atomic  spacing,  only  when  the  thickness  is  a  few  times  of  £0 
would  Tc(t)  be  significantly  lower  than  Tc(°o).  Because  of 
the  high  Curie  temperature  (Tc)  of  common  ferromagnets 
(e.g.,  Co  and  Fe  with  Tc>  1000  K)  and  the  inability  to  mea¬ 
sure  Tc(t)  at  high  temperatures  without  destroying  thin 
films,  Tc(t)  can  only  be  measured  in  ultrathin  films  only  a 
few  atomic  layers  thick.3,4  Consequently,  there  are  few  such 
studies  reported. 

Conspicuously  lacking  is  the  studies  of  finite-size  effects 
of  antiferromagnetic  (AF)  materials,  despite  the  promise  of 
more  interesting  features  because  the  AF  order  is  realized  by 
compensation  of  two  or  more  sublattice  magnetizations.  The 
studies  of  AF  layer  is  even  more  challenging  because  the  AF 
order  with  no  net  magnetization  responds  only  very  weakly 
to  the  external  magnetic  field.  The  only  reports  of  finite-size 
scaling  effects  in  AF  materials  have  been  by  indirect  deter¬ 
mination  of  the  Neel  temperature  in  the  FeF2/ZnF2  system  by 
thermal  expansion  measurements5  and  most  recently  in  the 
Fe/Cr  system  using  transport  measurements.6  In  this  work, 
we  report  the  first  observation  of  finite-size  effects  in  CoO, 
an  AF  insulator  with  localized  moments,  using  dc  suscepti¬ 
bility  measurements. 

We  have  chosen  CoO  because  it  is  a  well-known  AF 
insulator  with  conveniently  accessible  TN(o°)  near  room 
temperature.  It  has  a  simple  fee  NaCl-type  crystal  structure 


with  a  lattice  parameter  of  a0  =  4.26  A.  The  Co2+  moments, 
with  3.8  (iB  in  magnitude,  form  a  fee  lattice.7  The  intrinsi¬ 
cally  weak  response  to  an  external  magnetic  field  requires 
multilayer  samples  of  CoO  with  an  inert  spacer  layer.  After 
exploring  various  materials,  Si02  was  chosen  as  a  space 
layer,  resulting  in  multilayers  with  oriented  CoO  layers.  The 
Si02  layers,  being  insulting,  nonmagnetic,  and  thick  (50 
or  75  A),  have  the  added  benefit  of  completely  confining  the 
magnetic  interactions  within  the  CoO  layer.  Multilayers  of 
CoO/Si02  have  been  fabricated  by  multi-source  magnetron 
sputtering  using  a  computer-controlled  substrate  platform. 
The  CoO  layer  thickness  has  been  varied  from  5  to  125  A, 
while  keeping  the  total  CoO  thickness  in  the  multilayers 
to  be  5000  A  by  appropriately  controlling  the  total  number  of 
bilayers. 

X-ray  diffraction  data  of  a  representative  CoO/Si02 
sample  are  shown  in  Fig.  1.  The  low-angle  data  [see  Fig. 
1(a)]  shows  many  orders  of  diffraction  peaks  indicating  a 
good  quality  multilayer.  In  the  high-angle  diffraction,  a  pre¬ 
dominantly  oriented  film  of  (100)CoO  is  observed.  The  Si02 
layers  are  amorphous,  with  a  very  broad  peak  near  20—25° . 


Angle  (20) 


Angle  (20) 


FIG.  1.  (a)  small-angle  and  (b)  large-angle  x-ray  diffraction  results  of  a 
CoO  (65  A)/Si02  (50  A)]77  multilayer. 
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Temperature  (K) 

FIG.  2.  Temperature  dependence  of  dc  susceptibility  at  H=  100  Oe  of  rep¬ 
resentative  multilayer  samples  of  CoO/Si02  with  a  fixed  Si02  thickness  of 
75  A.  For  clarity,  the  results  are  normalized  to  the  susceptibility  at  the  Neel 
temperature. 


Magnetic  susceptibility  under  an  external  field  of 
H=  100  Oe  has  been  used  to  measure  the  Neel  temperature. 
Although  a  larger  external  field  would  increase  the  signal,  it 
tends  to  distort  the  susceptibility  peak,  especially  for  thin 
CoO  layers.  Representative  results  of  susceptibility  data,  nor¬ 
malized  to  x(Tn)  for  clarity,  are  shown  in  Fig.  2.  The  sus¬ 
ceptibility  data  clearly  show  that  as  the  CoO  thickness  (?)  is 
reduced,  the  susceptibility  peak,  at  which  the  Neel  tempera¬ 
ture  [7^(0]  is  located,  progressively  shifts  to  lower  tem¬ 
peratures. 

The  results  of  TN(t)  for  CoO  layer  thickness  (?)  are 
shown  in  Fig.  3(a).  The  values  of  TN(t)  deviate  appreciably 
from  T^v(oo)  for  thicknesses  ?<80  A.  The  solid  curve  in  Fig. 
3(a)  is  the  best-fit  results  of  the  finite-size  scaling  relation8 

TNM~TN(t)  fi  0)K 

W  T7-);  (3) 

with  \=1.6±0.1,  &=18±2  A  and  7^(0°)  =  3 15  ±5  K.  The 
scaling  relation  of  Eq.  (3),  as  described  previously,  comes 
from  the  critical  behavior  of  the  correlation  length.  It  is 
strictly  valid  for  TN(t)  less  than,  but  close  to,  7^(0°). 8  Nev¬ 
ertheless,  Eq.  (3)  adequately  describes  the  results  of  a  wide 
range  of  thicknesses.  Only  for  ?<  22  A  do  the  values  of 
TN(t)  clearly  deviate  from  the  scaling  relation.  To  further 
illustrate  the  scaling  relation,  in  Fig.  3(b),  a  log-log  plot  of 
the  reduced  temperature  versus  CoO  thickness  is  shown.  A 
straight  line  with  a  slope  of  1.6  fits  the  data  for  ?>  22  A.  Our 
results  also  show  that  AF  ordering  with  TN(t)^5  K  persists 
down  to  a  thickness  of  at  least  10  A. 

Theoretical  studies  indicate  that  the  shift  exponent  has  a 
value  of  X=  1.5587  for  Ising  systems,9  and  X=  1.419  for 
Heisenberg  systems.10  Apparently,  the  value  of  X  is  not  sen¬ 
sitive  to  the  types  of  interactions.  Our  determined  values  of 
X=1.6±0.1  are  in  good  agreement  with  these  theoretical  val¬ 
ues. 

It  should  be  mentioned  that,  although  there  are  not  many 
studies  of  finite-size  scaling  in  magnetic  systems,  consider¬ 
able  confusion  already  exists  in  the  scaling  relation  with 
which  to  analyze  the  data.  While  many  have  used  Eq.  (2), 
some,  unfortunately,  have  used 


t(A) 


t(A) 


FIG.  3.  (a)  Neel  temperature  TN(t)  of  CoO/Si02  multilayers  vs  CoO  thick¬ 
ness  ( t ).  The  solid  curve  is  the  result  of  finite-size  scaling  relation  Eq.  (3) 
with  A  =  1.6,  £o=18  A  and  7,At(oo)  =  315  K.  (b)  Log-log  plot  of 
[7’^(00)-7tw(0]/7’w(00)  vs  CoO  layer  thickness  t ,  where  the  straight  line 
has  a  slope  of  1 .6. 


ToM-Ut)  U’qY' 

T0(t)  \  t  )  •  (4) 

The  difference  between  Eq.  (3)  and  Eq.  (4)  lies  in  the  de¬ 
nominator  on  the  left-hand  side  being  T0( o°)  or  T0(t).  In  Eq. 
(4),  is  not  the  correlation  length  at  T—  0  K,  but  the  thick¬ 
ness  at  which  Tn(£q)  —  TN(°o)/2 ,  and  furthermore,  one  ob¬ 
tains  TN(t)  =  0  only  for  ?  =  0.  As  pointed  out  previously,  data 
in  some  thickness  range  can  be  reasonably  described  by  ei¬ 
ther  Eq.  (3)  or  Eq.  (4). 11  But  the  resultant  values  of  X'  and 
£o  using  Eq.  (4)  are  very  different  from  X  and  £0  using  Eq. 
(3).  This  led  to  the  unfortunate  confusion  of  claiming  the 
experimentally  determined  value  of  X'  using  Eq.  (4)  to  be  in 
agreement,  or  disagreement,  with  the  theoretical  value  of  X 
using  Eq.  (3).  We  illustrate  this  point  by  fitting  the  same  data 
in  Fig.  3(a)  to  Eq.  (4),  and  the  results  are  shown  in  Fig.  4(a). 
A  reasonable  fit  can  also  be  obtained  for  ?^  15  A,  as  shown 
by  the  solid  line  in  Fig.  4(a),  although  the  fit  in  Fig.  3(a)  is 
clearly  better.  A  comparison  of  Figs.  3(a)  and  4(a)  shows  that 
a  power-law  dependence  exists  in  Fig.  3(b),  but  less  so  in 
Fig.  4(b).  However,  most  importantly,  the  best-fit  values  of 
X'=3.4±0.3  is  very  different  from  X-1.6±0.1,  which  is 
close  to  the  theoretical  value.  The  value  of  =  30  ±  3  A  is 
also  different  from  £0=18±2  A. 

Originally,  Eq.  (4)  was  suggested  to  improve  the  descrip¬ 
tion  of  the  scaling  relationship  which  showed  deviation  at 
smaller  thickness  range  due  to  nonasymptotic  character  in 
the  Monte  Carlo  studies  of  finite  Ising  films.12  It  was  also 
found  that  Eq.  (4)  can  extend  the  thickness  range  in  which  a 
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FIG.  4.  (a)  Neel  temperature  TN(t )  of  CoO/Si02  multilayers  vs  CoO  thick¬ 
ness  (f).  The  solid  curve  is  the  result  of  finite-size  scaling  relation  Eq.  (4) 
with  \'=3.4,  (o  =  30  A  and  TN(° o)  =  300  K.  (b)  Log-log  plot  of 
[TN(oo)-TN(t)]/TN(t)  vs  CoO  layer  thickness  t,  where  the  straight  line  has 
a  slope  of  3.4. 


single  scaling  relation  can  adequately  describe  the  data.13 
This  point  can  be  illustrated  in  the  present  data.  As  shown  in 
Fig.  3(a),  the  data  points  with  20  A  clearly  deviate  from 
Eq.  (3),  whereas  practically  all  data  points  in  the  low  thick¬ 
ness  range  can  be  described  by  Eq.  (4),  as  shown  in  Fig.  4(a). 
However,  as  mentioned  earlier,  finite- size  scaling  is  the  result 
of  the  critical  behavior  of  the  correlation  length  near  bulk 
Tn(°°).  The  actual  data  of  TN(t)  in  very  thin  films,  much 
smaller  than  are  expected  to  deviate  from  the  scaling 

relation. 


Finally,  we  comment  on  the  value  of  f0*  F°r  ferromag- 
nets,  £0  is  quite  small.  Observation  of  finite-size  effects  are 
difficult  except  in  ultrathin  ferromagnetic  films.  For  spin 
glasses,  f0  is  much  longer  at  about  20  A.  Together  with  a 
shift  exponent  of  \=0.64±0.07,  finite-size  scaling  effects 
can  be  observed  in  layers  a  few  hundred  A  thick.14,15  Anti¬ 
ferromagnetic  CoO  has  an  intermediate  £0^18  A,  exhibiting 
finite-size  effects  in  CoO  films  of  the  order  of  50  A. 

In  conclusion,  we  have  made,  to  the  best  of  our  knowl¬ 
edge,  the  first  observation  of  finite-size  scaling  in  CoO,  an 
insulating  antiferromagnet  with  localized  moment,  using 
CoO/Si02  multilayers.  A  shift  exponent  of  A  =  1.6±0.1,  in 
good  agreement  with  theoretical  calculations,  has  been  deter¬ 
mined. 

This  work  has  been  supported  by  ONR  Grant  No. 
N00014-91-J-1633. 
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We  have  fabricated  and  studied  the  structure  and  magnetic  properties  of  high  quality  single 
crystalline  (Mn,Zn)Fe204,  NiFe204,  and  CoFe204  films.  Although  (Mn,Zn)Fe204  and  NiFe204 
films  grown  directly  on  SrTi03  and  MgAl204  show  mediocre  structural  and  magnetic  properties, 
these  same  films  grown  on  SrTi03  and  MgAl204  buffered  with  CoCr204  or  NiMn204  exhibit 
excellent  crystallinity  and  bulk  saturation  magnetization  values,  thus  indicating  the  importance  of 
lattice  match  and  structural  similarity  between  the  film  and  the  underlying  layer.  X  ray,  Rutherford 
backscattering  spectroscopy,  atomic  force  microscopy,  and  transmission  electron  microscopy 
analysis  provide  a  consistent  picture  of  the  structural  properties  of  these  ferrite  films.  ©  1996 
American  Institute  of  Physics.  [S002 1-897 9 (96)22 1 08- 1  ] 


I.  INTRODUCTION 

There  has  been  much  investigation  of  exchange-coupled 
biasing  as  an  alternative  to  the  application  of  a  small  external 
field  to  magnetically  saturate  thin  films.  For  magnetoresistive 
sensor  or  read  head  applications,  a  bias  field  due  to  an  anti¬ 
ferromagnetic  layer  or  a  magnetically  hard  ferromagnetic 
layer  will  suppress  Barkhausen  noise  induced  by  domain 
wall  motion  in  the  adjacent  magnetically  soft  layer.  To  obtain 
strong  exchange  coupling  across  the  interface,  one  needs  a 
clean  interface  with  minimal  strain  and  roughness.  Most 
magnetic  data  storage  studies  of  exchange-coupling  biasing 
involve  a  magnetically  soft  metallic  ferromagnet  such  as  per¬ 
malloy  (Ni-Fe  alloy)  biased  by  an  antiferromagnet  such  as  a 
Mn-Fe  alloy.1  The  values  of  the  exchange  constant  deduced 
from  this  and  similar  polycrystalline  systems  are  much 
smaller  than  expected,  thus  suggesting  the  nonoptimal  qual¬ 
ity  of  the  interface. 

For  the  fabrication  of  thin-film  inductors,  however,  me¬ 
tallic  ferromagnets  such  as  permalloy  are  not  suitable  due  to 
eddy  current  losses.  Low  conductivity  exchange-coupled 
magnetic  oxide  layers  are  promising  for  this  purpose.  There 
are,  however,  very  few  studies  of  exchange  coupling  in  oxide 
systems.  Notably  Wolf  et  al.  have  investigated  CoO/Fe304 
bilayers  where  CoO  is  an  antiferromagnet  with  TN~  295  K 
and  Fe304  is  a  relatively  soft  ferrimagnet.2  Exchange  biasing 
in  this  system  is  obviously  possible  only  below  room  tem¬ 
perature.  We  have  studied  spinel  structure  ferrites  of 
CoFe204(CF),  (Mn,Zn)Fe204(MZF)  and  NiFe204(NF)  films, 
all  of  which  have  Curie  temperatures  well  above  room  tem¬ 
perature.  We  have  optimized  growth  of  single-crystal  ferrite 
films  to  avoid  the  high  temperatures  of  800-1000  °C  re¬ 
quired  in  previous  work.3,4  Here  we  report  on  the  growth  of 
single-crystal  MZF,  NF,  and  CF  films  on  CCO(CoCr204)  and 
NiMn204(NM0)  buffered  (100)SrTiO3(STO)  as  well  as 
(llO)STO  and  (110)MgAl2O4(MAO)  at  low  temperatures 
with  good  crystallinity  and  magnetic  properties  approaching 
bulk  values.5 


^Deceased. 

b)Presently  at  Sandia  National  Laboratories,  Albuquerque,  NM  87185. 


II.  EXPERIMENTAL  PROCEDURE 

All  films  except  NF  were  deposited  in  a  pulsed  laser 
deposition  (PLD)  system  with  a  KrF  excimer  laser  (248  nm) 
operating  at  10  Hz  with  an  energy  density  of  ~3  J/cm2  for 
CCO  and  NMO  and  ~4  J/cm2  for  MZF  and  CF.  The  CCO 
films  were  deposited  at  600  °C  in  1  mTorr  atmosphere  of  1% 
02  and  99%  N2.  The  NMO  films  were  deposited  at  600  °C  in 
1  mTorr  of  02.  The  MZF  and  CF  films  were  deposited  at 
400  °C  in  a  1  mTorr  02  atmosphere.  The  NF  films  were 
grown  in  an  off-axis  sputtering  chamber  in  a  100  mTorr  Ar 
atmosphere  and  at  400  °C.  The  two  buffer  materials  with 
thicknesses  varying  from  500-1500  A  promote  good  crystal¬ 
line  growth  of  a  subsequent  ferrite  film.  We  grew  ferrite  films 
with  thicknesses  varying  from  700-3000  A  and  found  no 
degradation  of  ferrite  crystal  quality  in  this  range.  The  ferrite 
films  discussed  in  this  article  are  all  —2000  A  thick  with 
buffer  layers  ~1000  A  thick.  Crystal  orientation  and  rocking 
curve  widths  were  determined  by  a  four-circle  x-ray  diffrac¬ 
tometer  with  a  monochromatic  beam  and  a  resolution  of 
—0.3°.  In  Rutherford  backscattering  spectroscopy  (RBS),  the 
ratio  of  backscattering  signal  of  1.8  MeV  4He+  ions  aligned 
with  the  [100]  direction  and  along  a  random  direction  gives  a 
figure  of  merit  ;^min  f°r  the  crystallinity.  Magnetization  data 
were  taken  on  a  Lake  Shore  vibrating-sample  magnetometer 
(VSM)  at  fields  of  up  to  1.4  kOe  at  room  temperature  and  on 
a  Quantum  Design  superconducting  quantum  interference 
device  (SQUID)  magnetometer  at  fields  of  up  to  5.5  T  at 
room  temperature  and  at  10  K. 

III.  STRUCTURAL  CHARACTERIZATION 

Structural  characterization  of  CCO  and  NMO  buffer 
films  on  (lOO)STO  reveal  the  (100)  plane  to  be  parallel  to  the 
plane  of  substrate  and  in-plane  alignment  of  the  [001]  direc¬ 
tions  of  the  buffer  and  substrate.  RBS  channeling  yields  a 
^min  of  25%-30%  for  these  films.  Films  grown  on  (110)  STO 
have  a  (110)  orientation  and  have  the  [  f  10]  direction  aligned 
with  that  of  STO  in  the  plane  of  the  substrate.  The  full  widths 
at  half  maximum  (FWHM)  of  the  co  rocking  curves  of  the 
(400)  and  (440)  buffer  peaks  in  the  respective  films  show 
moderately  good  crystallinity  of  Aco—l.O0.  Since  the  spinel 
lattice  constant  of  the  buffer  is  twice  that  of  the  STO  sub¬ 
strate,  coalescence  of  neighboring  nucleation  sites  of  the 
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TABLE  I.  The  crystalline  quality  of  three  types  of  (100)  oriented  ferrite 
films  on  (100)  SrTi03  and  CoCr204  buffered  (100)  SrTi03  as  described  by 
the  FWHM  Aco  of  the  (400)  rocking  curve  from  x-ray  analysis  and  xmm  from 
Rutherford  backscattering  analysis. 


(Mn,Zn)Fe204 

CoFe204 

NiFe204 

Buffered  No  buffer 

Buffered  No  buffer 

Buffered  No  buffer 

Aco 

0.9°  2.5° 

0.6°  1.3° 

o 

‘--j 

o 

O 

Amin 

21%  30% 

18%  35% 

buffer  on  the  STO  results  in  antiphase  boundaries.6  These 
antiphase  boundaries  give  rise  to  grains  on  the  order  of  a  few 
hundred  A  on  a  side.  To  improve  the  crystalline  quality  of 
the  buffer,  we  subsequently  annealed  CCO  and  NMO  on 
STO  at  1000  °C  in  air  for  30  min.  Such  an  anneal  not  only 
oxidizes  the  sample  but  also  promotes  grain  growth.  Atomic 
force  microscopy  (AFM)  imaging  of  annealed  CCO  on  STO 
reveals  typical  grains  on  the  scale  of  5000  A.  After  anneal¬ 
ing,  rocking  curves  of  the  (400)  buffer  peaks  have  a  much 
sharper  FWHM  of  A<u=0.5-0.7°.  RBS  channeling  analysis 
of  the  buffer  layers  show  a  decrease  of  Amin  to  10%-14%, 
indicating  excellent  crystallinity.  Similarly  (110)  oriented 
buffer  layers  on  (110)  oriented  substrates  have  improved 
crystallinity  after  annealing  (Aa>~0.7°).  A  way  of  avoiding 
antiphase  boundaries  is  to  use  spinel  structure  MAO  sub¬ 
strates. 

These  annealed  buffered  substrates  served  as  templates 
to  grow  spinel  structure  MZF,  NF,  and  CF  (CoFe204)  single¬ 
crystal  films.  The  buffered  substrates  gives  rise  to  high  qual¬ 
ity  ferrite  films  at  400  °C.  MZF,  NF,  and  CF  grow  with  the 
(100)  and  (110)  orientation  on  (100)  and  (110)  STO  sub¬ 
strates,  respectively.  All  three  types  of  ferrite  films  show  ex¬ 
cellent  crystalline  quality  as  seen  from  x-ray  and  RBS  analy¬ 
sis.  In  Table  I,  the  crystallinity  of  the  ferrites  buffered  with 
CCO  is  compared  with  that  of  unbuffered  ferrites.  The  buff¬ 
ered  ferrites  have  far  better  crystallinity  than  the  correspond¬ 
ing  unbuffered  ferrites  as  measured  by  the  FWHM  of  the 
rocking  curves  (Aco)  from  x-ray  analysis  and  Amin  fr°m  RRS 
analysis.  The  similarity  of  the  Aco  and  Amin  values  of  the 
buffered  ferrites  and  underlying  buffer  indicates  excellent  ep¬ 
itaxial  growth  of  the  ferrites  on  the  buffers.  Since  MZF  films 
are  better  lattice  matched  to  NMO  than  to  CCO,  the  Aco  and 
Amin  values  of  MZF/NMO/STO  (Aco=0.5°  and  a  Amin~16%) 
are  consistently  smaller  than  those  of  MZF/CCO/STO.  How¬ 
ever,  this  difference  does  not  affect  any  magnetic  properties, 
as  shown  later.  Growth  of  NF  films  in  a  reducing  argon  at¬ 
mosphere  at  400  °C  is  incompatible  with  highly  crystalline 
NMO. 

Ferrite  films  grown  on  top  of  buffered  substrates  have 
grain  sizes  on  the  order  of  5000  A  similar  to  those  of  the 
buffer  layers.  For  comparison,  we  have  also  deposited  MZF, 
CF,  and  NF  films  directly  on  (100)  STO  under  the  same 
conditions  as  the  above  samples.  AFM  images  indicate  that 
grains  are  less  than  100  A  on  a  side  and  are  consistent  with 
plan  view  transmission  electron  microscopy  (TEM)  images. 
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FIG.  1.  Magnetization  vs  field  of  (100)  (Mn,Zn)Fe204  films  measured  on  a 
VSM  up  to  1  kOe  and  on  a  SQUID  magnetometer  up  to  5.5  T  (insets)  at 
room  temperature  with  the  field  applied  parallel  to  the  film  surface:  (a)  on 
CoCr204  buffered  (100)  SrTi03  and  (b)  on  NiMn204  buffered  (100)  SrTi03. 


IV.  MAGNETIC  PROPERTIES 

Magnetic  properties  of  MZF,  CF,  and  NF  films  grown  on 
buffered  substrates  are  comparable  to  those  of  bulk  MZF,  CF, 
and  NF.  The  magnetization  loops  of  (100)  and  (110)  MZF 
films  have  saturation  magnetizations  (Ms)  of  approximately 
320  emu/cm3  at  room  temperature.  The  magnetization  of 
(100)  MZF  films  on  CCO  and  NMO  buffered  STO  was  mea¬ 
sured  on  a  VSM  up  to  fields  of  1  kOe  applied  in  the  plane  of 
the  substrate  [see  Figs.  1(a)  and  1(b)].  The  insets  of  Fig.  1 
are  magnetization  curves  of  the  same  samples  measured  in 
the  same  field  configuration  on  a  SQUID  magnetometer.  The 
similarity  of  the  magnetization  loops  of  the  two  films  indi¬ 
cates  that  slight  differences  in  the  crystallinity  of  the  films 
due  to  buffer  layer  choice  do  not  affect  the  magnetization 
properties.  Magnetization  loops  of  (100)  MZF  films  mea- 
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FIG.  2.  Magnetization  vs  field  of  a  (100)  NiFe204  film  on  CoCr204  buffered 
and  unbuffered  (100)  SrTi03  with  the  field  applied  parallel  to  the  film  sur¬ 
face  as  measured  on  a  VSM.  While  buffered  NiFe204  films  reach  saturation 
by  ~1  kOe,  unbuffered  films  do  not  reach  saturation  even  at  5.5  T. 
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Applied  Field  (Oe) 

FIG.  3.  Magnetization  loops  of  (i)  a  MZF  film  on  (100)  SrTi03  field  cooled 
in  10  kOe-10  K  and  (ii)  a  MZF  film  on  CoCr204  buffered  (100)  SrTi03 
field  cooled  in  10  kOe-10  K.  The  unbuffered  MZF  film  shows  an  exchange 
bias  field  of  75  Oe,  thus  indicating  the  presence  of  regions  with  antiferro¬ 
magnetic  or  glassy  properties  and  exchange  coupling  across  boundaries  be¬ 
tween  ordered  and  disordered  regions. 

sured  with  the  field  applied  parallel  to  the  film  surface  and  in 
various  directions  in  the  plane  of  the  film  reveal  no  easy 
axes. 

NF  films  on  CCO  buffered  STO  show  Ms  values  of  300 
emu/cm3  as  compared  to  bulk  values  of  270  emu/cm3  (see 
Fig.  2).  Such  a  high  moment  may  be  attributed  to  nonequi¬ 
librium  site  occupation  quenched  into  the  film.  Venzke  et  al. 
have  also  observed  Ms  values  greater  than  that  of  bulk  in  NF 
films  homoepitaxially  grown  on  annealed  NF  films.7  NF 
films  grown  at  600  °C  on  CCO  buffered  STO  exhibit  similar 
saturation  magnetization  values;  however,  their  coercive 
fields  are  consistently  smaller  and  range  from  300-400  Oe. 
Fewer  microstructural  defects  in  the  600  °C  samples  may 
present  fewer  pinning  defects  and  therefore  lower  coercive 
field. 

Magnetization  loops  of  (100)  and  (110)  CF  films  on 
buffered  STO  and  MAO  reach  bulk  Ms  values  of  400 
emu/cm3.  Coercive  fields  range  from  3800-4400  Oe  for 
films  grown  at  400  °C.  Loops  of  CF  on  CCO  buffered  (110) 
STO  and  (110)  MAO  with  the  field  applied  in  the  plane  of 
the  substrate  reveal  an  easy  axis  along  the  [001]  direction. 
From  torque  magnetometer  measurements,  the  anisotropy 
constant  of  (110)  CF  films  is  Ki—43X  106  ergs/cm3  with  the 
field  rotating  in  the  plane  of  the  film.  This  value  is  in  good 
agreement  with  ATj  —  3  X  106  ergs/cm3  for  bulk  CF.8 

MZF  and  NF  films  grown  directly  on  STO  and  MAO 
never  reach  bulk  Ms  values  (see  Fig.  2).  While  buffered  NF 
films  reach  saturation  by  ~1  kOe,  unbuffered  films  do  not 
reach  saturation  even  at  5.5  T.  In  MZF  films,  x-ray  fluores¬ 
cence  spectroscopy  indicates  similar  Zn  fractions  for  MZF 
films  grown  with  and  without  a  buffer  layer.  Therefore  varia¬ 
tions  in  Zn  fractions  cannot  account  for  the  differences  in  Ms 
values  of  buffered  and  unbuffered  MZF  films.  MZF  films 
grown  on  STO  and  MAO  have  lattice  mismatches  of  8%  and 
4%,  respectively.  Therefore  lattice  mismatch  and  thermally 
induced  strain  may  give  rise  to  disordered  regions  in  MZF 
films  during  low-temperature  growth,  thus  resulting  in  a  re¬ 
duced  Ms.  When  these  MZF  films  are  field  cooled  in  10 
kOe-10  K,  magnetization  loops  show  an  offset  of  75  Oe  [see 
Fig.  3,  curve  (i)].  This  offset  is  indicative  of  disordered  re¬ 
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gions  with  antiferromagnetic  or  glassy  magnetic  behavior 
and  exchange  coupling  between  these  structurally  and/or 
chemically  disordered  regions  and  crystalline  regions  of 
MZF.7,8  For  MZF  films  grown  on  buffered  substrates,  similar 
field  cooled  magnetization  loops  show  no  offset,  indicating  a 
negligible  amount  of  disordered  material  in  buffered  MZF 
films  [see  Fig.  3,  curve  (ii)].  In  NF  films  grown  directly  on 
STO,  a  similar  effect  is  seen.7  Thus  we  correlate  the  presence 
of  the  offset  in  field  cooled  magnetization  loops  with  regions 
with  antiferromagnetic  or  glassy  magnetic  properties  and 
with  exchange  coupling  across  boundaries  between  ordered 
and  disordered  regions. 

We  are  able  to  grow  CF  films  on  STO  with  Ms  values 
approaching  the  bulk  values  whether  or  not  there  is  a  buffer 
on  the  substrate  and  in  spite  of  measurable  differences  in  the 
structural  quality  in  the  two  cases.  However,  the  magnetic 
properties  of  MZF  grown  on  top  of  CF  are  sensitive  to 
whether  the  structure  is  buffered  or  not  and  hence  to  the 
microstructure.  MZF/CF  bilayers  grown  directly  on  STO 
have  reduced  magnetization  compared  to  their  buffered 
counterparts,  but  nevertheless  exhibit  exchange  coupling. 

V.  CONCLUSION 

In  conclusion,  we  have  fabricated  high  quality  single 
crystalline  ferrite  thin  films  of  MZF,  NF,  and  CF  by  using 
CCO  and  NMO  buffered  STO  and  MAO.  The  nonmagnetic 
spinel  structure  buffer  layers  are  essential  in  the  low- 
temperature  growth  of  ferrite  thin  films  with  magnetic  prop¬ 
erties  approaching  the  bulk  because  they  take  up  the  strain  at 
the  buffer/substrate  interface  and  provide  an  improved  coin¬ 
cidence  site  in  the  case  of  an  STO  substrate.  The  resulting 
films  will  be  suitable  for  studies  of  exchange  coupling  be¬ 
tween  oxide  films,  because  nearly  perfect  single-crystal 
structural  integrity  occurs  at  a  substrate  temperature  low 
enough  (400  °C)  to  preclude  interdiffusion  at  the  boundary. 

ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  Paula  Trevor  for  x-ray 
fluorescence  spectroscopy  and  Khiem  B.  Do  and  Lydia  L. 
Sohn  for  AFM  imaging.  V.  K.  gratefully  acknowledges  finan¬ 
cial  support  from  the  Swedish  Natural  Science  Research 
Council. 

!R.  D.  Hempstead,  S.  Krongelb,  and  D.  A.  Thompson,  IEEE  Trans.  Magn. 
14,  521  (1978). 

2R.  M.  Wolf,  A.  E.  M.  de  Veirman,  R  J.  van  der  Zaag,  P.  van  der  Sluis,  and 
J.  B.  F.  aan  de  Stegge,  Mater.  Res.  Soc.  Symp.  Proc.  341,  23  (1994). 

3C.  M.  Williams,  D.  B.  Chrisey,  P.  Lubitz,  K.  S.  Grabowski,  and  C.  M. 
Cotell,  J.  Appl.  Phys.  75,  1676  (1994). 

4R.  B.  van  Dover,  S.  Venzke,  E.  M.  Gyorgy,  T.  Siegrist,  J.  M.  Phillips,  J.  H. 
Marshall,  and  R.  J.  Felder,  Mater.  Res.  Soc.  Symp.  Proc.  341,  41  (1994). 
5Y.  Suzuki,  R.  B.  van  Dover,  E.  M.  Gyorgy,  Julia  M.  Phillips,  V.  Ko- 
renivski,  D.  Werder,  C.  H.  Chen,  R.  J.  Cava,  J.  J.  Krajewski,  and  W.  F. 
Peck  (unpublished). 

6D.  Margulies,  F.  T.  Parker,  F.  E.  Spada,  and  A.  E.  Berkowitz,  Mater.  Res. 
Soc.  Symp.  Proc.  341,  53  (1994). 

7S.  Venzke,  R.  B.  van  Dover,  E.  M.  Gyorgy,  Julia  M.  Phillips,  T.  Siegrist, 
C.  H.  Chen,  D.  Werder,  R.  M.  Fleming,  R.  J.  Felder,  E.  Coleman,  and  R. 
Opila  (unpublished). 

8V.  Korenivski,  R.  B.  van  Dover,  Y.  Suzuki,  E.  M.  Gyorgy,  J.  M.  Phillips, 
and  R.  J.  Felder,  J.  Appl.  Phys.  (to  be  published). 


Suzuki  et  al.  5925 


Interlayer  exchange  coupling  in  amorphous/crystalline  NiFe204 
thin-film  bilayers 
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Amorphous/crystalline  bilayers  of  NiFe204  exhibit  interlayer  magnetic  exchange  coupling,  which 
results  from  an  interaction  between  a  spin-glass  material  and  a  ferrimagnetic  material.  The  observed 
effect  is  reminiscent  of  the  well-known  exchange  coupling  effect  between  an  antiferromagnet  and  a 
ferromagnet,  which  is  widely  used  in  applications  where  field  biasing  of  thin  magnetic  films  is 
desirable.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)22208-8] 


I.  INTRODUCTION 

Bulk  ferrites  are  widely  used  in  discrete  microwave  de¬ 
vices  owing  to  their  high  magnetization  and  low  electrical 
conductivity.  For  integrated  planar  circuits  operating  at  high 
frequencies,  however,  designs  based  on  thin  ferrite  films  are 
expected  to  have  important  applications.  Generally,  magnetic 
properties  of  ferrite  films  are  more  sensitive  to  crystalline 
disorder  than  those  of  metal  films,  such  as  permalloy.  Study¬ 
ing  the  relationship  between  the  structure  and  magnetic  prop¬ 
erties  of  thin  films  is  an  important  step  in  the  realization  of 
planar  ferrite  devices,  and  is  also  potentially  interesting  for 
tailoring  magnetic  properties  of  thin  ferrite  films.  There  have 
been  a  number  of  studies  addressing  this  issue.  Booth  and 
Crangle1  have  investigated  cobalt- zinc  mixed  ferrite  and 
found  that  the  magnetic  properties  of  their  bulk  specimens — 
low  magnetization  values  with  extremely  high  saturation 
fields — were  consistent  with  superparamagnetism  of  strongly 
magnetic  particles  of  diameter  about  4  nm  dispersed  in  a 
nonmagnetic  matrix.  Moreover,  they  found  that  cooling  the 
samples  in  an  applied  field  down  to  helium  temperature  pro¬ 
duced  a  displaced  hysteresis  loop  characteristic  of  unidirec¬ 
tional  exchange  anisotropy,  and  suggested  that  this  effect 
may  be  due  to  the  presence  of  antiferromagnetic  regions  at 
low  temperatures.  Berkowitz  et  al2  prepared  NiFe204  in  the 
form  of  ultrafine  particles  with  an  average  diameter  of  8  nm 
coated  with  an  organic  surfactant  and  observed  a  small  low- 
temperature  magnetization  and  very  high  saturation  field. 
They  attributed  this  behavior  to  extremely  strong  pinning  of 
the  ferrite  surface  spins  to  the  organic  molecules.  Recent 
studies  have  revealed  similar  effects  in  thin  films.  Margulies 
et  al 3  argued  that  the  reduced  magnetization  with  only  as¬ 
ymptotic  saturation  observed  in  their  sputtered  nickel  ferrite 
films  may  be  due  to  anisotropy  caused  by  compressive  strain 
normal  to  the  film  plane,  which  results  from  the  film/ 
substrate  lattice  mismatch  present  in  NiFe204  on  MgO.  They 
pointed  out,  however,  that  the  observed  behavior  could  as 
well  be  caused  by  structural  defects.  We  have  previously 
reported  epitaxial  growth  of  NiFe204  films  on  SrTi03  4,5 
Films  grown  at  600  °C  consist  of  small  crystalline  grains 
surrounded  by  thin  regions  of  amorphous  material.5  These 
disordered  regions  strongly  affect  the  magnetic  behavior,  re¬ 
sulting  in  extremely  high  saturation  fields  and  giving  rise  to 
unidirectional  anisotropy  when  the  films  are  cooled  in  a  field. 


a)Deceased. 


Postdeposition  annealing  improves  the  crystallinity  of  the 
films,  at  the  same  time  reducing  the  field  required  for  satu¬ 
ration  and  eliminating  the  exchange  anisotropy  at  low  tem¬ 
perature.  The  anomalous  magnetic  behavior  was  therefore 
attributed  to  magnetic  interactions  between  the  crystalline 
and  defective  regions.5  In  this  report  we  present  direct  evi¬ 
dence  for  magnetic  exchange  coupling  between  crystalline 
and  amorphous  components  in  nickel  ferrite.  We  observe  in¬ 
terlayer  exchange  coupling  in  amorphous/crystalline  bilayers 
of  NiFe204,  which  results  from  an  interaction  between  a 
spin-glass  material  and  a  ferrimagnetic  material.  However, 
the  exchange  anisotropy  is  absent  above  150  K  and  therefore 
cannot  explain  the  anomalous  magnetic  behavior  at  room 
temperature  reported  in  Refs.  3-5. 


The  films  were  deposited  by  rf  magnetron  sputtering  us¬ 
ing  a  stoichiometric  NiFe204  target  (see  Refs.  4  and  5  for 
details).  The  chamber  was  evacuated  to  the  base  pressure  of 
10_7-10-6  Torr,  and  the  sputtering  was  performed  at  a  pres¬ 
sure  of  100  m  Torr  of  argon  gas  and  rf  power  of  100  W. 
Silver  paste  was  used  to  attach  the  (001) -oriented  SrTi03 
substrates  to  a  heated  block,  which  was  kept  at  room  tem¬ 
perature  for  deposition  of  amorphous  films  and  600  °C  for 
deposition  of  crystalline  films.  The  films  deposited  at  600  °C 
were  postannealed  at  1000  °C  in  air  for  3  h  to  improve  their 
crystallinity  and  magnetic  properties.  Our  previous  structural 
studies5  showed  that  the  films  deposited  at  room  temperature 
are  amorphous  and  the  films  deposited  at  600  °C  and  subse¬ 
quently  annealed  at  1000  °C  are  essentially  single  crystal 
with  bulklike  magnetic  properties.  Amorphous/crystalline  bi¬ 
layers  were  formed  by  depositing  at  room  temperature  an 
overlayer  of  NiFe204  on  the  postannealed  crystalline  films. 
For  the  bilayers  used  in  this  study  the  thickness  of  the  single 
films  was  100-150  nm.  Amorphous  films  of  1  fim  in  thick¬ 
ness  were  prepared  in  order  to  resolve  the  weak  paramag¬ 
netic  component  in  the  measured  dc  magnetic  moment.  Mag¬ 
netic  properties  of  the  films  were  measured  using  a 
superconducting  quantum  interference  device  (SQUID)  mag¬ 
netometer  in  the  temperature  range  of  5-350  K  with  fields 
up  to  55  kOe.  The  magnetic  field  was  applied  in  the  plane  of 
the  films  along  the  [100]  direction.  Field-cooled  magnetiza¬ 
tion  loops  were  taken  after  the  films  were  cooled  in  55  kOe 
from  350  K  to  a  given  temperature. 


II.  EXPERIMENTAL  PROCEDURE 
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FIG.  1.  Magnetization  curves  recorded  at  10  K  for  crystalline  (solid  circles) 
and  amorphous  (open  circles)  NiFe204  films. 


III.  RESULTS  AND  DISCUSSION 

Shown  in  Fig.  1  are  magnetization  curves  recorded  at  10 
K  for  the  crystalline  and  amorphous  films  (solid  and  open 
circles,  respectively).  The  data  shown  are  subsets  of  the  ma¬ 
jor  loops  taken  with  field  excursions  of  ±55  kOe.  The  satu¬ 
ration  magnetization  of  the  crystalline  film  approaches  270 
emu/cc,  the  bulk  NiFe204  saturation  magnetization.  In  con¬ 
trast,  the  amorphous  film  is  disordered  magnetically  and  ex¬ 
hibits  only  —15%  of  the  bulk  saturation  magnetization  value. 
Figure  2  shows  magnetization  loops  taken  at  10  K  for  the 
crystalline  film  before  and  after  the  deposition  of  the  amor¬ 
phous  overlayer.  The  saturation  magnetization  is  practically 
unaffected.  However,  the  initially  symmetric  field-cooled 
magnetic  loop  of  the  crystalline  film  is  found  to  be  offset  by 


FIG.  2.  Field-cooled  magnetization  curves  recorded  at  10  K  for  a  crystalline 
NiFe204  film  before  (open  circles)  and  after  (solid  circles)  deposition  of  an 
amorphous  NiFe204  overlayer. 


FIG.  3.  (a)  Normalized  exchange  field,  Hex ,  vs  temperature  for  an 
amorphous/crystalline  NiFe204  bilayer;  (b)  zero-field-cooled  (open  circles) 
and  field-cooled  (solid  circles)  M  vs  T  data  for  an  amorphous  NiFe2Q4  film. 


—75  Oe  after  the  deposition  of  the  amorphous  film,  indicat¬ 
ing  unidirectional  magnetic  anisotropy  caused  by  magnetic 
interaction  between  the  layers.  This  exchange  interaction 
takes  place  at  the  interface  between  the  layers  and  causes  the 
surface  spins  of  the  crystalline  film  to  be  pinned  in  the  di¬ 
rection  of  the  applied  field  when  the  bilayer  is  cooled  to  low 
temperature.  For  this  to  occur  the  amorphous  film  must  be 
magnetically  of  antiferromagnetic  or  spin-glass  character, 
i.e.,  have  “magnetic  memory”  and  retain  the  spin  pattern 
once  cooled  below  the  transition  temperature  of  the  antifer¬ 
romagnetic  or  spin-glass  component.  Then  the  interface  spins 
of  the  amorphous  film  aligned  by  magnetic  exchange  with 
the  interface  spins  of  the  saturated  crystalline  film  would  be 
“frozen  in”  when  the  bilayer  is  cooled  through  the  transition 
temperature  and  create  unidirectional  magnetic  anisotropy 
that  would  bias  the  magnetization.  Such  effect  was  first  re¬ 
ported  by  Meikeljohn  and  Bean6  for  an  antiferromagnetic/ 
ferromagnetic  interface  and  is  now  extensively  used  for  field 
biasing  of  thin  magnetic  films.  The  offset  field,  #ex ,  which  is 
characteristic  of  the  strength  of  the  interlayer  magnetic  ex¬ 
change  interaction,  is  shown  in  Fig.  3(a)  as  a  function  of 
temperature.  Each  data  point  in  Fig.  3(a)  represents  the  dis¬ 
placement  in  the  M-H  loop  taken  after  the  bilayer  was 
cooled  in  55  kOe  from  350  K  to  a  given  temperature,  nor¬ 
malized  to  the  displacement  at  10  K.  The  exchange  field 
differs  from  zero  below  — 150  K  and  increases  with  decreas¬ 
ing  temperature,  indicating  a  magnetic  transition  in  the  amor¬ 
phous  component  at  around  150  K.  Antiferromagnetic  order 
is  not  expected  in  our  amorphous  films  because  of  the  lack  of 
any  crystal  structure.  Spin-glass  behavior,  on  the  other  hand, 
is  likely  to  arise  from  competing  local  magnetic  interactions 
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FIG.  4.  Field-cooled  magnetization  loops  taken  at  room  temperature  (open 
circles)  and  10  K  (solid  circles)  for  an  amorphous/crystalline  NiFe204  bi¬ 
layer  annealed  at  550  °C.  The  magnetization  is  normalized  to  the  total  vol¬ 
ume  of  the  bi layer. 

as  a  result  of  structural  disorder.  Figure  3(b)  shows  zero- 
field-cooled  and  field-cooled  magnetization  versus  tempera¬ 
ture  curves  for  the  amorphous  film  recorded  with  if  =  5 0 
kOe.  The  data  are  typical  of  spin-glass  material.  The  magne¬ 
tization  exhibits  substantial  relaxation  below  —100  K  (not 
shown),  which  is  also  an  indication  of  a  spin-glass  behavior. 
The  glass  transition  temperature  correlates  well  with  the 
point  where  the  unidirectional  anisotropy  starts  to  be  ob¬ 
served  [see  Figs.  3(a)  and  3(b)].  We,  therefore,  attribute  the 
observed  interlayer  exchange  coupling  in  amorphous/ 
crystalline  bilayers  of  NiFe204  to  an  interaction  between  a 
spin-glass  material  and  a  ferrimagnetic  material. 

Annealing  makes  amorphous  structure  crystallize  and  is, 
therefore,  expected  to  eliminate  the  effect  we  observe.  We 
have  carried  out  a  series  of  annealing  experiments  and  found 
that  the  interlayer  exchange  coupling  increases  when  the  bi¬ 
layer  film  is  annealed  at  temperatures  below  600  °C.  Figure  4 
shows  the  field-cooled  M-H  loops  taken  at  room  tempera¬ 
ture  and  10  K  for  the  bilayer  annealed  at  550  °C.  The  room- 
temperature  loop  is  symmetric,  while  the  exchange  field  at 
10  K  is  150  Oe — double  the  value  of  f/ex  in  the  as-prepared 
bilayer.  The  results  of  the  annealing  experiments  are  summa¬ 
rized  in  Fig.  5.  The  exchange  field  increases  with  Tmneal  for 
^anneai^OO  °C.  This  is  attributed  to  improved  contact  be¬ 
tween  the  ferrimagnetic  and  spin-glass  layers.  At  higher  an¬ 
nealing  temperatures  the  overlayer  crystallizes  and  becomes 
ferrimagnetic  with  the  bulk  magnetization  of  NiFe204.  As 
this  happens,  the  exchange  field  quickly  decreases  to  zero. 


Ta„„ea»(degC) 


FIG.  5.  (a)  Exchange  field,  Hex,  and  (b)  saturation  magnetization,  Ms,  for 
an  amorphous/crystalline  NiFe204  bilayer  as  a  function  of  annealing  tem¬ 
perature.  The  bilayer  saturation  magnetization  is  normalized  to  270  emu/cc. 


We  have  shown  that  a  significant  exchange  anisotropy 
can  be  obtained  in  amorphous/crystalline  NiFe204  bilayers, 
which  can  explain  the  unusual  low-temperature  magnetic 
properties  reported  previously.5  However,  because  the  glass 
transition  temperature  of  the  amorphous  layer  is  only  —150 
K,  the  observed  exchange  anisotropy  is  not  likely  the  source 
of  the  anomalous  room-temperature  magnetization  loops  re¬ 
ported  in  Refs.  3-5.  Our  results  nevertheless  demonstrate 
exchange  coupling  in  a  model  system  relevant  to  the  proper¬ 
ties  of  bulk  as  well  as  thin-film  oxides. 
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Polar  Kerr-rotation  spectra  and  hysteresis  loops  have  been  measured  in  Coj^-yTb^EuS)^ ,  with 
0^x^0.21  and  0^y^0.21,  and  compared  to  the  macroscopic  ferrimagnet  Co1_>!(EuS)};  and  to 
amorphous  Co^^Tb* .  The  measurements  were  taken  at  room  temperature  and  at  7  K  over  a  wide 
photon  energy  range  of  1.1 -4. 6  eV  in  fields  up  to  2.77  T.  The  addition  of  Tb  retains  the 
phase-separated  nature  yielding  a  material  consisting  of  a  Co-Tb  matrix  containing  crystalline  EuS 
precipitate  particles  with  about  2  nm  diameter.  Up  to  8%  Tb  is  substituted  for  Eu  in  the  EuS  phase. 

The  Kerr  rotations  are  rather  small  reaching  -0.25°  at  room  temperature  and  increasing  to  -0.85° 
at  7  K,  i.e.,  no  optical  enhancement  is  observed  as  in  Co(EuS).  This  is  most  likely  due  to  the  much 
smaller  size  of  the  EuS  crystallites.  An  ‘V’-shaped  feature  in  the  Kerr-rotation  spectra  can  be 
assigned  to  an  Eu2+  4f—>5d  transition  while  a  contribution  from  the  Tb3+-4 /  states  shows  up  as  a 
decrease  with  increasing  photon  energies.  At  7  K,  the  Tb  and  Eu  magnetic  moments  are  found  to  be 
parallel  while  the  Co  moment  is  believed  to  be  antiferromagnetically  exchange  coupled  to  both.  At 
room  temperature,  the  Co  moment  is  dominating  the  Tb  moment  which  is  antiferromagnetically 
coupled  as  in  Co^Th*.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)22308-4] 


I.  INTRODUCTION 

Magnetic  thin  films  are  of  continuous  interest  to  the  sci¬ 
entific  community  as  they  have  a  high  technological  poten¬ 
tial.  They  are  widely  used  in  conventional  mass  storage  de¬ 
vices  and — more  recently — in  magneto-optic  data-storage 
devices.  With  the  discovery  of  the  giant  magnetoresistance 
(GMR)  effect  in  magnetic  multilayers,1  an  application  of 
magnetic  thin  films  as  a  sensor  in  disk  reading  heads  seems 
likely  in  the  near  future.  The  fact  that  the  interface  plays  a 
crucial  role  in  producing  GMR  effects  has  prompted  interest 
in  granular  or  phase-separated  systems  where  the  interface- 
to-volume  ratio  is  increased  as  compared  to  multilayers.2  A 
new  class  of  such  phase- separated  materials  has  recently 
been  found  and  named  macroscopic  ferrimagnets.3  In  these 
materials  two  magnetic  phases  couple  antiferromagnetically 
across  the  phase  boundary.  An  example  is  Co^XEuS)^  con¬ 
sisting  of  a  Co  matrix  containing  crystalline  precipitate  par¬ 
ticles  of  EuS  with  10  nm  diameter.  Due  to  a  strong  magnetic 
exchange,  the  Curie  temperature  of  the  EuS  phase  is  en¬ 
hanced  to  at  least  60  K.3  In  addition,  these  materials  exhibit 
a  magnetoresistance  effect  of  2%.4  At  low  temperatures,  the 
thin  films  show  growth-induced  perpendicular  magnetic  an¬ 
isotropy.  At  room  temperature,  the  magnetization  direction  is 
in  plane  and  an  optical-enhancement  effect  is  observed 
which  leads  to  Kerr  rotations  up  to  -2°  at  4.5  eV.5 

We  present  magneto-optic  Kerr  spectra  of  the  “ternary” 
system  Co1_JC_>?TbJC(EuS):y  where  O^x^O.21  and 
0^y^0.21.  The  motivation  for  adding  Tb  to  Co(EuS)  is  an 
antiferromagnetic  exchange  in  Co^/Tb/  which  leads  to  a 
ferrimagnetic  compound  with  a  compensation  point  above 
room  temperature  for  *=0.2.  The  single-ion  anisotropy  of 
Tb  causes  perpendicular  magnetic  anisotropy  in  Co^/Tb*  .7 
A  combination  of  Tb  with  Co(EuS)  promises,  therefore,  in¬ 
teresting  magnetic  and  magneto-optic  effects. 


II.  EXPERIMENT 

Films  of  200  nm  thickness  were  prepared  by  co¬ 
evaporation  of  Co  and  Tb  metal  and  EuS  powder  from  sepa¬ 
rate  crucibles  at  a  deposition  rate  of  0.3  nm  s_1  as  described 
in  more  detail  elsewhere.3  The  fused  Si02  substrates  were 
cooled  to  -15  °C  by  passing  helium  gas  at  liquid-N2  tem¬ 
perature  through  the  substrate  support  block.  The  films  were 
characterized  by  x-ray  diffraction  analysis  and  vibrating- 
sample  magnetometry.  Polar  Kerr-rotation  spectra  were  taken 
at  photon  energies  ranging  from  1.1  to  4.6  eV  using  a  fully 
automated  Kerr  spectrometer  with  an  electromagnet  allowing 
fields  up  to  2.77  T.  In  order  to  eliminate  possible  rotations  of 
optical  components  within  stray  fields  of  the  magnet,  the 
rotation  of  an  A1  reference  mirror  was  subtracted  from  the 
sample  rotation  at  each  photon  energy.  All  spectra  were  mea¬ 
sured  in  both  positive  and  negative  fields  and  then  averaged 
to  eliminate  rotations  of  nonmagnetic  origin  as,  e.g.,  stress- 
induced  birefringence.  Reflectivity  spectra  were  taken  rela¬ 
tive  to  an  A1  mirror  and  corrected  for  the  reflectivity  of  the 
Al. 


III.  RESULTS 

The  addition  of  Tb  to  the  macroscopic  ferrimagnet 
Co(EuS)  retains  the  phase-separated  nature  of  the  material. 
X-ray  diffraction  analysis  shows  broadened  EuS  diffraction 
peaks  with  full  width  at  half-maximum  (FWHM)  of  4°.  From 
the  peak  position,  a  lattice  constant  of  5.90  A  for  a  NaCl 
structure  is  derived  showing  clearly  a  phase  separation  be¬ 
tween  the  CoTb  phase  and  EuS  precipitate  particles.  In  com¬ 
parison  to  Tb-doped  EuS  films,8  this  indicates  that  about  8% 
of  the  Eu  is  replaced  by  Tb.  The  line  broadening,  on  the 
other  hand,  corresponds  to  a  crystallite  size  of  the  EuS-Tb 
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FIG.  1.  Polar  Kerr  rotation  (a)  and  reflectivity  (b)  at  room  temperature  for 
Coo.79Tbo.21  (M)>  Co0 73Tb0 ! 7(EuS)0  ] o  (O),  and  Co066TbQ  |3(EuS)q2i  (A). 

precipitate  particles  of  about  2  nm  which  is  much  smaller 
than  in  Co(EuS),  where  a  crystallite  size  of  10  nm  has  been 
derived.4 

In  Fig.  1  the  polar  Kerr  rotation  (a)  and  reflectivity  (b) 
spectra  at  room  temperature  (RT)  are  shown  in  a  magnetic 
field  of  2.77  T  for  three  samples,  Co0.79Tb02;b 
Co0  73Tb0  17(EuS)0 10,  and  Coa66Tbai3(EuS)a21.  The  Kerr  ro¬ 
tation,  0K ,  of  the  samples  containing  EuS  reaches  —0.25°. 
This  is  considerably  smaller  than  the  —2°  found  in 
Co1_3,(EuS);r5  The  spectral  dependence  is  rather  similar  to 
Co  or  Co-Tb  except  for  a  zero  crossing  in  0K  above  3.5  eV. 
For  increasing  photon  energies,  the  reflectivity  of  all  samples 
decreases.  Contrary  to  Co(EuS),  the  reflectivity  does  not 
show  a  pronounced  minimum  with  values  less  than  10%.5 

In  order  to  discuss  the  magnetic  properties  at  RT,  polar 
Kerr  hysteresis  loops  are  plotted  for  three  samples  in  Fig.  2 
at  a  photon  energy  of  1.5  eV.  A  striking  asymmetry  is  ob- 
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FIG.  2.  Polar  Kerr  hysteresis  loops  at  room  temperature  for  (a)  Co079Tb021, 
(b)  Co0  73Tb0 17(EuS)0 10,  and  (c)  Co066Tbo  i3(EuS)o2i. 


FIG.  3.  Polar  Kerr  rotation  at  7  K  for  Co079Tb021  (■),  Co073Tb0 17(EuS)0 10 
(O),  and  Co066Tb0 13(EuS)021  (A). 

served  in  Co079Tb021  and  Co073Tb0 17(EuS)0 10  violating 
time-reversal  invariance.  The  loops  are  shifted  along  the 
positive  x  axis.  Co0 79Tb0  21  exhibits  an  additional  step  at  - 1 
T.  The  sample  containing  21%  EuS  (c)  shows  a  symmetric 
loop  with  just  a  small  coercive  field,  Hc .  All  samples  have 
perpendicular  magnetic  anisotropy  at  RT. 

Low-temperature  (7  K)  polar  Kerr-rotation  spectra  are 
plotted  in  Fig.  3.  In  contrast  to  the  RT  measurements,  0K 
reaches  values  up  to  “0.85°.  For  all  samples,  an  increase  in 
absolute  value  of  0K  is  observed  at  higher  photon  energies. 
This  is  also  true  for  the  Co0.79Tb0<2i  composition  indicating  a 
contribution  of  Tb-4/  electronic  transitions.  Besides  this  in¬ 
crease,  an  41 V’- -shaped  feature  is  apparent  in  the  (EuS)- 
containing  films,  e.g.,  in  a  21%  EuS  sample  a  negative  peak 
at  2.1  eV  in  combination  with  a  positive  one  at  2.9  eV.  A 
third  peak  is  seen  in  the  21%  EuS  sample  at  4.2  eV. 

IV.  DISCUSSION 

Co^xTbx  is  known  to  be  a  sperimagnetic  material,6  i.e., 
the  Tb  spins  couple  antiferromagnetically  to  the  Co  but  scat¬ 
ter  about  an  average  direction.  The  antiferromagnetic  ex¬ 
change  leads  to  a  compensation  point,  Tcomp,  which  is  for 
x=0.2  above  RT.  Tcomp  varies  rapidly  with  composition,  at  a 
rate  of  about  50  K/at.  %.9  Near  Tcomp,  the  total  magnetiza¬ 
tion  vanishes  and  the  coercivity,  Hc ,  increases  to  infinity. 
The  strong  asymmetry  of  the  loops  in  the  samples  with  0% 
and  10%  EuS  can  be  explained  if  the  films  are  assumed  to  be 
composed  of  regions  with  slightly  varying  composition.  Let 
us  suppose  a  region  (A)  with  Tcomp  near  RT.  It  will  be  im¬ 
possible  to  switch  this  domain.  The  neighboring  region,  say 
(B),  has  Hc  small  enough  to  be  overcome  by  an  applied  field. 
If  the  regions  are  exchange  coupled  they  will  act  like  a  spin- 
valve  system,10  i.e.,  the  magnetic  moment  of  (B)  will  couple 
to  a  magnetic  sublattice  of  (A)  which  is  not  reversed  in  an 
external  field  since  Hc( A)  is  infinite.  From  Fig.  2  we  can 
estimate  a  value  of  1  and  0.5  T  for  the  exchange  field  in  the 
0%  and  10%  EuS-doped  samples,  respectively.  In 
Co079Tb02i  there  must  exist  a  third  region  (C)  weakly 
coupled  to  region  (B)  in  order  to  explain  the  partial  reversal 
of  the  loop  at  —  1  T.  The  21%  EuS  sample  has  a  Tcomp  lower 
than  RT  since  the  Tb/(Co+Tb)  ratio  is  only  0.16  causing 
finite  Hc  and  a  symmetric  loop. 

Let  us  now  focus  on  the  spectral  dependence  of  the  polar 
Kerr  spectra  at  RT  (Fig.  1).  In  Co(EuS)  thin  films  we  had 
previously  found  a  strong  optical-enhancement  (OE)  effect  at 
4.5  eV  leading  to  a  pronounced  minimum  in  the  reflectivity 
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FIG.  4.  Polar  Kerr  rotation  at  room  temperature  for  Co066Tb0  13(EuS)02i  in 
a  field  of  2.77  T  (■)  and  in  the  remanence  state  (A).  Dash-dotted  line  is  the 
difference  between  the  2.77  T  spectrum  and  4.1  times  the  remanence  spec¬ 
trum. 


spectra  and  to  0K  values  of  up  to  -2°  at  RT.5  The  OE  effect 
is  most  likely  dependent  on  the  size  of  the  EuS  precipitate 
particles  as  indicated  by  model  calculations11  and  it  will  shift 
to  higher  energies  with  smaller  particle  size.  As  the  size  of 
the  EuS  particles  of  2  nm  in  the  CoTb(EuS)  system  is  much 
smaller  than  the  10  nm  found  in  Co(EuS),  an  OE  effect  is 
expected  to  occur  at  energies  above  5  eV.  This  would  explain 
the  small  Kerr-rotation  values  in  the  photon-energy  range 
measured.  However,  the  zero  crossing  in  0K  above  3.5  eV  in 
the  EuS-containing  samples  could  hint  to  the  onset  of  an  OE 
effect  at  higher  photon  energies. 

At  7  K,  the  Kerr  spectra  change  considerably,  as  demon¬ 
strated  in  Fig.  3.  In  Co(EuS)  a  strong  antiferromagnetic  ex¬ 
change  exists  between  the  Co  and  the  EuS  phase  leading  to 
an  increase  of  the  Curie  temperature,  TCt  of  the  EuS  phase. 
In  the  CoTb(EuS)  system,  we  find  the  signature  of  the  Eu2+ 
4 /— >5d  transition,  an  ‘V’-shaped  feature  with  a  negative 
peak  in  0K  at  2.1  eV  and  a  positive  one  at  2.9  eV,  in  all 
EuS-containing  samples.  Another  strong  evidence  for  such  a 
transition  is  the  existence  of  a  third  peak  in  the  21%  EuS 
sample  at  4.2  eV  belonging  to  the  crystal-field  split  Eu2+ 
4f—>5d(ep)  transition.  The  difference  of  2.1  eV  is  in  good 

6  t  i  ^ 

agreement  with  the  crystal-field  splitting  found  in  EuS. 
From  a  comparison  of  the  sign  of  the  feature  with  EuS 
spectra,8  we  find  that  the  magnetic  moment  of  the  EuS  phase 
is  parallel  to  the  applied  field.  From  the  Tb/(Tb+Co)  ratio,  it 
is  evident  that  at  7  K  the  Tb  moment  dominates  the  Co 
moment  in  all  three  samples.  Hence,  the  Tb  and  EuS  mag¬ 
netic  moments  are  parallel  to  each  other  at  7  K  and  the  Co 
moment  is  antiparallel  because  of  the  negative  exchange  be¬ 
tween  Tb  and  Co,6  and  between  EuS  and  Co.3  This  interpre¬ 
tation  is  corroborated  by  a  positive  0K  at  low  photon  energies 
in  the  10%  and  21%  EuS  samples.  At  these  energies,  merely 
Co  transitions  contribute  to  0K  .3 

In  Fig.  4  the  polar  Kerr  spectra  at  RT  is  plotted  for  the 
sample  with  21%  EuS  in  a  field  of  2.77  T  and  in  the  rema¬ 
nence  state.  Using  the  argument  that  at  low  photon  energies 
only  Co  transitions  contribute  to  6K,  the  remanence  spectra 


is  multiplied  by  a  factor  of  4.1  (A)  in  order  to  overlap  with 
the  2.77  T  spectra  at  low  photon  energies.  Subtracting  the 
two  spectra  (dash-dotted  line)  eliminates  the  Co  contribu¬ 
tions  and  shows  a  continuous  decrease  with  increasing  pho¬ 
ton  energies  reaching  a  minimum  at  3.8  eV.  Comparing  this 
to  the  spectra  at  7  K,  we  find  that  the  Co0  79Tb0  2i  sample 
exhibits  a  similar  energy  dependence,  except  for  the  mini¬ 
mum,  indicating  that  the  difference  is  mainly  due  to  Tb-4/ 
transitions.  Photoemission  studies  find  the  location  of  the 
Tb-4 /  states  in  Tb-Fe  at  3  eV  below  the  Fermi  energy.13  In 
conclusion,  the  Co  moment  is  dominating  at  RT,  leading  to  a 
negative  0K ,  as  seen  in  Co  metal,  and  the  Tb  moment  is 
antiferromagnetically  coupled  to  the  Co.  Applying  a  mag¬ 
netic  field  will  drag  the  Tb  spins  toward  the  field  direction, 
breaking  the  coupling. 

What  can  we  say  about  a  contribution  of  the  EuS  phase 
to  0K  at  RT?  A  close  look  at  Fig.  4  reveals  a  positive  peak  at 
2.0  eV  and  a  negative  peak  at  2.8  eV  in  the  high  field  and  the 
remanence  spectra.  This  is  opposite  in  sign  to  the  spectrum  at 
7  K  (see  Fig.  3)  suggesting  that  the  EuS  magnetic  moment  is 
antiparallel  to  the  field  at  RT  indicating  a  strong  antiferro¬ 
magnetic  exchange  to  the  Co.  This  implies  that  Tc  of  the 
EuS  phase  is  enhanced  up  to  RT.  An  alternative  explanation 
is  that  the  feature  is  due  to  the  Co  contribution.  The  Kerr 
spectrum  of  Co  metal  has  a  shallow  minimum  at  1 .5  eV  and 
a  maximum  at  2.7  eV.  Since  0K  is  dependent  on  n  and  k 
(index  of  refraction  and  absorption),  the  shallow  features  of 
the  Co  contribution  could  shift  due  to  a  change  in  n  and  k. 
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The  Faraday  rotation  of  epitaxial  garnet  films  of  composition  {R3_JCBiJ[Fe2](Fe3)012  with  R=Dy, 

Y,  and  high  Bi  content  (x=  1.30)  has  been  measured  in  the  temperature  range  10  K<T<600  K  at 
A  =  1155  nm.  The  analysis  of  the  data  in  terms  of  the  sublattice  magnetization  reveals  a  strong 
contribution  of  the  {Dy}  sublattice.  The  “electric”  dipole  Faraday  rotation  per  Dy  ion  has  been 
determined  and  compared  to  its  value  in  the  bismuth-free  dysprosium  garnet.  It  turns  out  that  Bi 
gives  rise  to  a  pronounced  enhancement  of  this  contribution.  This  result  is  compared  with  that 
observed  for  other  Bi-substituted  rare-earth  iron  garnets  in  the  visible  band.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)22408-0] 


I.  INTRODUCTION 

The  garnet  system  allows  on  its  three  nonequivalent 
crystallographic  sites  a  great  variety  of  cation  species  of  dif¬ 
ferent  valences.1  Among  these  different  substitutions  in  rare- 
earth  iron  garnets  (REIG),  diamagnetic  Bi3+  and  Pb2+  ions 
and  some  lighter  rare-earth  ions  like  Ce3+,  Pr3+,  and  Nd3+ 
strongly  enhance  the  magneto-optical  (MO)  activity  in  the 
wavelength  range  0.4-2  jam  (see  Refs.  2-4  and  references 
therein).  Since  the  observation  of  large  Faraday  rotation  (FR) 
without  a  noticeable  increase  of  the  optical  absorption,  there 
has  been  much  work  devoted  to  the  fundamental  properties 
of  bismuth-doped  iron  garnets.  On  the  other  hand,  these  ma¬ 
terials  have  been  expected  to  be  promising  materials  for  dif¬ 
ferent  MO  devices,  especially  in  magneto-optical  record¬ 
ing.5’6 

Relevant  investigations  of  garnet  films  of  composition 
Y3_xBixFe5012  reported  earlier  in  the  literature  have  been 
performed  in  the  visible  range  by  Hansen  et  al1  We  have 
extended  such  experiments  to  the  infrared  range  (\=1150 
nm)  in  order  to  confirm  that  the  Bi  ions  stimulate  the  MO 
activity  of  the  Fe3+  ions  at  both  the  octahedral  and  tetrahe¬ 
dral  sites  of  the  garnet.4  At  A. =633  nm,  the  studies  of  the  MO 
properties  of  various  Bi-substituted  rare-earth  iron  garnets 
have  led  to  the  following  conclusion:  the  bismuth  affects  the 
iron  transition  only,  the  enhancement  of  the  iron  contribution 
to  FR  being  independent  of  the  nature  of  the  rare-earth  ion.8 

In  this  article,  we  intend  to  probe  the  intrinsic  MO  prop¬ 
erties  of  garnet  films  of  composition  Dy3_xBixFe5012  and 
Y3_A.BiJCFe5012  for  *=1.30  at  X=  1155  nm  and  to  quantita¬ 
tively  analyse  the  effect  of  bismuth  presence  on  the  MO 
activity  of  the  Dy3+  ion. 

Note  that  prior  to  this  work,  the  FR  of  single  crystals  of 
Dy3_xBi;cFe5012  and  of  Tb3_xBiJCFe5012  was  studied  for 
*  =  0.42.9,10 

We  have  sought  to  increase  the  amount  of  Bi  using  epi¬ 
taxial  thin  films,  the  Dy3+  ion  being  chosen  because  of  its 
large  magnetostriction  constant  which  induces  a  positive 
uniaxial  anisotropy  favorable  for  MO  recording. 


II.  EXPERIMENT 

Garnet  films  of  composition  Y3_*BiA.Fe5012  (YBilG) 
and  Dy3„JCBiJCFe5012  (DyBilG)  were  grown  by  liquid  phase 
epitaxy  onto  (111)  oriented  cation-doped  gadolinium  gallium 
garnet  (Gd3Ga5012)  substrates  with  a  lattice  parameter  equal 
to  12.498  A.  A  Pb0/Bi203/B203  based  flux  was  used,  the  Bi 
content  being  controlled  by  the  growth  rate  to  adjust  the 
lattice  mismatch.  The  growth  temperatures  ranged  between 
1000  and  1200  K  and  the  thicknesses  of  the  films  between 
5.9  (YBilG)  and  12.9  /nm  (DyBilG)  within  an  accuracy  of 
±1%.  X-ray  diffraction  studies  confirmed  the  high  crystal¬ 
line  quality  of  the  films.  The  lattice  constants  being  equal  to 
12.493  A  (YBilG)  and  to  12.497  A  (DyBilG),  the  misfits  A  a 
are  small.  The  film  compositions  were  determined  by  elec¬ 
tron  probe  analysis,  the  amount  of  Bi  achieved  in  the  two 
preparations  was  1.30±0.03  (YBilG)  and  1.27 ±0.03  (Dy¬ 
BilG).  Note  that  the  measured  “a”  lattice  constant  data  are 
in  very  good  agreement  with  the  values  calculated  from  the 
ionic  radii  using  the  previous  composition  determinations.11 
On  the  other  hand,  the  amount  of  lead  entering  the  crystals  as 
an  impurity  is  negligible. 

Using  polarization  modulation  techniques,  very  accurate 
FR  measurements  have  been  performed  at  1155  nm  wave¬ 
length  in  the  10-610  K  range  and  under  magnetic  field  along 
the  direction  [111]  up  to  20  kOe.  Special  attention  was  paid 
during  the  experiments  to  eliminate  the  influence  of  internal 
reflections  and  multilayer  structures  on  the  measure¬ 
ments.12,13 

The  crystallographic  symmetry  of  pure  and  bismuth- 
substituted  garnets  is  usually  described  by  the  cubic  space 
group  0/2°-Ia3c/.  Within  the  general  formula 
{RE3}[Fe2](Fe3)012,  the  trivalent  RE  (and  Bi)  ions  are 
dodecahedrally  coordinated  (24c)  with  CT2  ions  while  the 
iron  ions  occupy  two  different  sites:  octahedral  (16a)  sites 
and  tetrahedral  (24c/)  sites.  The  magnetic  properties  are  in¬ 
terpreted  in  terms  of  a  ferrimagnetic  arrangement  of  the  three 
corresponding  sublattice  magnetizations  Mc ,  Ma ,  and  Md  ,14 
Md  and  Ma  are  strongly  coupled  antiferromagnetically  and 
Mc  is  antiparallel  to  the  resultant  Fe3+  magnetization.  In 
heavier  rare-earth  garnets  the  macroscopic  garnet  magnetiza¬ 
tion  which  is  given  by  \Mc-MYlG\  vanishes  at  the  compen- 
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FIG.  2.  Temperature  dependences  of  the  spontaneous  Faraday  rotation  at 
1 155  nm  for  DyBilG  and  YBilG  films.  Note  that  below  7comp ,  the  values 
of  BiYIG  films  have  been  changed. 


sation  temperature  Tcomp .  In  pure  DylG,  Tcomp  is  equal  to 
(223  ±1)  K.15  The  iron  garnets  are  known  to  present  a  large 
circular  magnetic  birefringence  in  the  infrared  and  in  the 
visible  part  of  the  spectrum  as  reviewed  by  Dillon.16 

The  FR  is  induced  by  the  electric  and  magnetic  dipole 
transitions  and  is  proportional  to  the  three  sublattice  magne¬ 
tizations  as  discussed  by  Cooper  and  his  co-workers.17,18 

III.  RESULTS  AND  DISCUSSION 

The  isothermal  variations  FRr(H)  present  a  linear  mag¬ 
netic  field  dependence  whatever  the  temperature  (Fig.  1),  and 
the  spontaneous  Faraday  rotation,  FR5,  defined  as  the  FR 
associated  with  the  spontaneous  ferrite  magnetization,  was 
immediately  deduced  using  a  least-squares  refinement  tech¬ 
nique. 

The  temperature  dependences  of  the  FR5  that  are  dis¬ 
played  in  Fig.  2  confirm  that  the  MO  properties  are  strongly 
affected  by  the  bismuth  incorporation.  The  Curie  temperature 
was  found  to  be  (600  ±5)  K  for  the  two  films  in  accordance 
with  magnetic  and  MO  measurements  performed  at  X=633 
nm  on  bismuth-substituted  yttrium  iron  garnets.19  These  data 
lead  to  a  change  ATc/jt  of  34  K/Bi  formula  unit  in  thin  films, 
while  in  a  crystal  the  increase  in  Tc  was  evaluated  to  be  38 
K.20  In  the  YBilG  film,  FR  shows  an  important  increase  to¬ 
wards  a  large  negative  value  (for  bismuth-free  YIG,  the  FR  is 
equal  to  250  deg  cm-1  and  is  only  weakly  temperature  de¬ 
pendent);  the  contribution  A FRs!x  at  4.2  and  300  K  is 
-3060  and  -2460  deg  cm_i/Bi/f.u.,  respectively.  Note  that 
the  MO  intrinsic  efficiency  of  Bi  is  not  exactly  proportional 
to  the  Bi  content  since  for  x^0.6,  A FRs/x  was  observed  to 
be  equal  to  —3200  and  —2600  deg  cm-1.4  This  effect  of 
saturation  was  not  observed  in  the  visible  band,7  where  FR  is 
about  10  times  larger  than  in  the  infrared. 

The  absolute  value  of  FR5  of  DyBilG  film  is  smaller 
than  that  of  the  YBilG  film  at  T<400  K  (see  Fig.  2),  indi¬ 
cating  that  the  contribution  of  the  Dy3+  sublattice  is  large  as 
it  is  observed  for  bismuth-free  dysprosium  iron  garnet.15  A 
compensation  temperature  Tcomp  of  the  spontaneous  FR  oc¬ 


curs  at  (110±5)  K,  causing  a  change  of  sign  of  FR5.  Note 
that  in  Fig.  2,  we  have  changed  the  sign  of  FR5  values  mea¬ 
sured  on  YBilG  films  to  respect  the  change  of  orientation  of 
the  iron  sublattices  in  DyBilG  at  Tcomp.  Furthermore,  it 
should  be  pointed  out  that  the  Bi  free  DylG  exhibits  a  higher 
Tcomp  value  (220  ±2  K).  The  shift  of  Tcomp  towards  lower 
temperature  with  increasing  bismuth  content  (Tcomp=178  K 
for  x=0.439)  results  from  the  presence  of  diamagnetic  Bi3+ 
ions  in  the  {c}  sublattice. 

The  contribution  to  the  Faraday  rotation  of  DyBilG  by 
iron  ions  is  well  represented  by  that  of  BiYIG  measured  in 
the  same  experimental  conditions.20  The  total  contribution  to 
FR  of  the  Dy3+  sublattice  is  given  by 

FR(Dy3+)-FR(BiDyIG)-FR(BiYIG) 

-±(C,+  CJ|Mc|,  (1) 

where  Ce  and  Cm  are  the  respective  magneto-optical  electric 
“e”  and  magnetic  “m”  dipole  coefficients.  The  upper  (rep 
lower)  sign  is  valid  for  T<Tcomp  (rep  T>Tcomp).  As  in  the 
{c}  sublattice,  only  the  Dy3+  ions  contribute  to  FR,  Cm  is 
proportional  to  the  Lande  g -factor  of  the  rare  earth  and  is 
equal  to  6.1  deg  cm"1  /z#1  (references  reviewed  in  Ref.  4). 
Knowing  Mc  from  direct  magnetization  measurements,  the 
m  dipole  contribution  in  the  {c}  sublattice  is  easily  calcu¬ 
lated,  and  the  e  dipole  transitions  contribution  is  then  de¬ 
duced.  The  analysis  of  the  observed  data  indicates  that  (i)  the 
{c}  sublattice  FR  originates  mainly  from  e  transitions  as  in 
bismuth-free  dysprosium  iron  garnet,  (ii)  the  Bi  substitution 
has  no  effect  on  the  sign  of  this  e  contribution  which  remains 
negative  as  in  DylG;  on  the  contrary,  the  e  contributions  of 
the  Fe3+  sublattices  have  a  resultant  which  changes  sign  un¬ 
der  Bi  substitution,4  (iii)  as  shown  in  Fig.  3,  the  FR  of  the 
{c}  sublattice  is  strongly  reduced  by  the  Bi  incorporation. 

To  understand  precisely  the  influence  of  bismuth,  we  cal¬ 
culated  the  e  Faraday  rotation  per  Dy3+  ion  in  Bi  free  and 
substituted  garnets  and  then  deduced  the  ratio  R  of  these  two 
contributions.  The  temperature  dependence  of  R  shown  in 
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FIG.  3.  Temperature  dependences  of  the  electric  dipole  transitions  contribu¬ 
tion  of  the  {c}  sublattice  in  bismuth-free  and  bismuth-substituted  dyspro¬ 
sium  iron  garnets  at  X=1155  nm. 
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FIG.  4.  Temperature  dependence  of  electric  dipole  transitions  contribution 
per  Dy3+  ion  in  DyBilG  divided  by  the  same  contribution  in  bismuth-free 
DylG. 


Fig.  4  clearly  demonstrates  that  the  Dy3+  e  Faraday  rotation 
is  affected  by  the  bismuth  except  for  the  low-temperature 
range.  It  turns  out  that  the  enhancement  of  R  is  strongly 
temperature  dependent  and  presents  a  maximum  near  room 
temperature. 

Geller  et  al  have  determined  how  the  increase  of  Tc 
observed  in  BiYIG  is  directly  related  to  a  change  of  the  super 
exchange  geometry.21  A  refinement  of  the  crystal  structure 
has  shown  evidence  of  a  small  decrease  of  the  [Fe]-0  dis¬ 
tance  and  of  a  weak  increase  of  the  (Fe)-O  separation.  An 
increase  of  Jad  (and  of  Tc)  results  from  the  noncompensated 
variations  of  the  d-p  wave  function  overlap  between  Fe3+ 
ions  and  nearest  oxygen.  An  oxygen  is,  however,  at  the  cor¬ 
ner  of  four  polyhedra:  a  tetrahedron,  an  octahedron,  and  two 
dodecahedra,  the  last  involving  two  different  {M}-0  dis¬ 
tances.  In  YBilG  crystals  (*=  1.8),  the  {BiY}-0  distance  of 
the  smallest  dodecahedron  is  very  close  to  the  value  of 
bismuth-free  YIG,  namely  2.37(9)  A,  but  for  the  second 
dodecahedron,  the  same  distance  (2.493  A)  is  significantly 
larger  than  that  of  YIG  (2.43  A).  It  is  worth  noting  that  the 
effects  of  a  small  admixture  of  the  Bi  wave  function  into  the 
iron  orbitals  and  of  covalency  between  Fe3+  ions  are  ana¬ 
lyzed  in  Refs.  23  and  24.  Although  an  in-depth  analysis  of 
the  crystal  structure  of  DyBilG  has  not  yet  been  performed, 
to  our  knowledge,  this  gives  credence  to  a  change  of  the 
super  exchange  interaction  between  Dy3+  and  Fe3+  ions 
which  can  explain  the  enhancement  of  FR.  Note  that  gener¬ 
ally  the  dominant  interaction  is  of  {Dy}-0-[Fe]  type. 

At  the  end  of  this  section,  it  seems  useful  to  discuss 
briefly  the  possible  pollution  by  lead  of  our  films,  since  the 
Pb2+  contribution  to  FR  was  found  to  be  comparable,  in  the 
visible  range,  with  that  of  bismuth.22  Taking  into  account  the 
following  data,  we  have  concluded  that  the  amount  of  lead  is 
too  weak  to  affect  the  discussion  developed  in  this  article: 

(i)  electron  probe  analysis  has  not  revealed  any  trace  of  lead, 

(ii)  in  the  visible,  the  transparency  of  our  films  is  very  high, 
although  lead  is  known  to  increase  the  optical  absorption 
much  more  than  bismuth,  (iii)  our  YBilG  films  present  a 


monotonic  decrease  of  FR  with  the  temperature;  with  a  small 
amount  of  lead,  the  FR  variation  would  show  an  additional 
minimum  at  low  temperature  (iv)  at  \=633  nm,  we  have 
measured,  over  the  whole  10-600  K  temperature  range,  a 
temperature  variation  of  FR  in  YBi  films  that  is  in  very  good 
agreement  with  the  data  of  Hansen  et  al 19  It  is  noticeable 
that  all  the  results  observed  on  the  two  films  remain  un¬ 
changed  after  a  long  annealing  (10  h)  at  1000  °C  of  the  two 
samples. 
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Microstructural  characterization  of  ferrimagnetic  substituted  iron  garnet 
heterostructures  for  magneto-optical  applications  (abstract) 
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Multilayered  garnet  heterostructures  of  Y3Fe5012  (YIG)  and  Eu1Bi2Fe5012  (EBIG)  have  been 
deposited  on  single  crystalline  [111]  oriented  Gd3Ga5012  (GGG)  substrates,  pulsed  laser  deposition 
(PLD).  Magnetic  (vibrating  sample  magnetometer)  and  magneto-optical  (reflective  Faraday  effect) 
measurements  have  indicated  out-of-plane  magnetization  for  all  YIG/EBIG  films,  coercivities  up  to 
1.2  kOe,  and  Faraday  rotations  as  high  as  50  000  deg/cm.1  According  to  x-ray  diffraction 
experiments,  all  films  are  single  crystalline,  [111]  oriented.  Initial  high  resolution  transmission 
electron  microscopy  studies  have  shown  epitaxial  growth  of  both  YIG  and  EBIG  layers.  All  samples 
had  YIG  deposited  as  the  first  layer  of  the  heterostructure  because  of  its  small  lattice  mismatch  with 
the  substrate.  As  a  consequence,  all  films  showed  sharp  interfaces  between  the  substrate  and  the  first 
YIG  layer.  At  the  second  interface,  between  the  YIG  layer  and  the  first  EBIG  layer,  structural  defects 
were  noted  to  form  in  the  EBIG  film.  The  thickness  ratios  between  YIG  and  EBIG  layers  were 
intentionally  changed  during  the  processing  to  study  the  effect  on  magneto-optical  properties. 
Transmission  electron  microscopy  characterization  indicated  changes  in  the  interface  morphology, 
with  some  films  displaying  high  coherence  and  sharpness  of  the  interfaces,  while  others  showed 
wavy  and  very  incoherent  interfaces.  The  films  with  sharp  interfaces  showed  the  highest  values  of 
Faraday  rotation.  Since  there  were  no  processing  parameter  changes  from  one  film  to  another,  the 
results  appear  to  indicate  that  the  morphology  of  the  interfaces  is  the  result  of  thickness  variations 
in  the  heterostructures.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)43708-9] 
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A  study  of  the  magneto-optical  Kerr  spectra  of  bulk  and  ultrathin  Fe304  , 
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An  analysis  of  the  complete  dielectric  tensor  of  bulk  magnetite,  Fe304,  and  of  Fe304  substituted 
with  a  variable  degree  of  Mg2+  or  Al3+  allowed  the  assignment  of  the  main  magneto-optical  (MO) 
transitions  in  Fe304  between  0.5  and  4.0  eV.  This  assignment  is  consistent  with  our  reinterpretation 
of  the  MgFe204  and  Li0  5Fe2  504  MO-Kerr  spectra.  An  analysis  of  the  stoichiometry  of  a  thin  Fe304 
layer  is  made,  based  on  the  Kerr  spectrum,  which  is  compared  to  an  analysis  based  on  the  Verwey 
transition.  The  Kerr  spectrum  is  also  used  to  compare  wavelengths  for  MO-Kerr  effect  studies  of 
wedge-shaped  samples.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)22508-7] 


I.  INTRODUCTION 

The  interpretation  of  the  magneto-optical  (MO)  Kerr 
spectrum  of  spinel  ferrites,  and  notably  magnetite,  has  been  a 
subject  of  debate.1"3  Some  authors  have  explained  the  part  of 
the  spectrum  around  2.0  eV  in  terms  of  3  d  crystal  field  tran¬ 
sitions  of  Fe3+  ions  on  the  tetrahedral  (A-)  sites.1  Others 
have  assigned  the  major  peaks  in  the  MO-Kerr  spectrum  of 
Fe304  to  3dn-+3dn~]4s  orbital  promotion  processes.2  The 
problem  with  these  interpretations,  however,  is  that  they  are 
based  on  forbidden  transitions,  whereas  Fe304  has  relatively 
strong  MO  transitions  and  absorption  peaks  with  an  oscilla¬ 
tor  strength  of  about  10~3  below  4.0  eV.  Hence,  Feil  pro¬ 
posed  that  the  main  MO-active  transitions  between  0.5  and 
4.0  eV  are  intervalence  charge  transfer  (IVCT)  transitions 
(Fe2++Fe3+— >Fe3++Fe2+).3  As  the  Fe2+-Fe3+  pair  in- 
volved  does  not  posses  inversion  symmetry,  the  parity  selec¬ 
tion  rule  is  relaxed.  Consequently,  IVCT  transitions  should 
have  much  higher  oscillator  strengths  than  the  transitions 
previously  proposed. 

We  will  show  that  IVCT  transitions  indeed  explain  the 
MO-Kerr  spectrum  of  Fe304  between  0.5  and  4.0  eV.  Key  to 
the  unraveling  of  the  complicated  Fe304  MO-Kerr  spectrum 
were:  first,  the  fitting  of  all  four  relevant  elements  of  the 
dielectric  tensor  exx ,  exx ,  exy  and  e"xy  simultaneously  with 
one  set  of  transitions.  Secondly,  the  systematic  substitution 
with  nonmagnetic  ions,  Mg2+  and  Al3+,  which  allows  the 
determination  of  trends  in  the  Kerr  spectra  with  a  reduction 
in  [Fe2+]  and  [Fe3+]  content  (round  brackets  denote  ions  on 
A-sites,  square  brackets  ions  on  5-sites).  Of  these  substitu¬ 
tions,  the  Mg2+  substitution  is  of  special  significance  as  it 
reduces  the  intense  Fe2+ -dependent  IVCT  transitions,  allow¬ 
ing  the  detection  of  other,  overlapping  transitions  such  as  the 
intersublattice  charge  transfer  (ISCT)  transitions  (Fe3+ 
+Fe3+— >Fe2++Fe4+).  Finally,  the  usefulness  of  this  under¬ 
standing  of  the  MO  spectra  of  Fe304  in  the  field  of  thin 
oxidic  films  will  be  discussed. 
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II.  RESULTS  AND  DISCUSSION 

To  arrive  at  a  consistent  transition  assignment  for  Fe304, 
we  determined  the  complete  dielectric  tensor  for  synthetic 
crystals  of  Fe304,  and  Mg2+-  and  Al3+-substituted  Fe304, 
prepared  by  a  floating  zone  technique.4  The  diagonal  element 
of  the  dielectric  tensor  was  determined  by  ellipsometry  be¬ 
tween  0.5  and  5.0  eV.5  The  polar  MO-Kerr  spectrum  was 
measured  between  0.7  and  4.0  eV.6,7  From  these  spectra  the 
off-diagonal  element  was  calculated  between  0.7  and  4.0  eV. 
Thus,  for  each  sample  the  complete  dielectric  tensor  was 
obtained,  amounting  to  four  spectra:  exx ,  exx ,  e'xy ,  and 
exy.  As  these  spectra  consist  of  many  overlapping  bands, 
partly  of  opposing  sign,2,7  inspection  of  the  spectra  does  not 
yield  proper  transition  identification.  To  achieve  this,  rigor¬ 
ous  fitting,  using  equations  describing  the  basic  line  shapes 
of  transitions  in  the  microscopic  theory  of  the  dielectric 
tensor,6  is  needed.  The  complete  dielectric  tensor  of  Fe304 
and  of  the  Mg2+-  or  Al3+-substituted  Fe304  were  least- 
square  fitted  with  one  set  of  transitions  for  all  samples.  The 
criterion  for  a  good  fit  was  that  the  difference  between  the 
measured  spectrum  and  the  fit  was  on  average  less  than  1% 
of  the  tensor  element.7 

Trends  in  MO-peak  intensity  and  energy  shift  could  be 
established  due  to  the  variable  degree  of  substitution.  Fur¬ 
thermore,  as  Mg2+  and  Al3+  both  preferentially  occupy  only 
the  octahedral  site,  we  are  able  to  establish  the  nature  of  the 
MO-active  transitions.  The  key  results  are  summarized  in 
Fig.  1,  which  depicts  €xy>max  vs  [Fe2+]  and  [Fe3+]  content  for 
the  four  major  transitions  which  depend  strongly  on  the  Fe2+ 
content.  The  nonlinear  dependence  on  [Fe2+]  points  to  a  pair 
interaction  for  all  these  transitions.8  Given  their  behavior  on 
substitution  of  [Fe3+]  with  Al3+  the  transitions  at  0.56  and 
1.94  eV  involve  also  this  ion,  while  the  transitions  at  3.11 
and  3.93  eV  involve  (Fe3+).  Consequently,  four  of  the  main 
transitions  are  assigned  to  intervalence  charge  transfer  tran¬ 
sitions  (0.56  eV:  [Fe2+>2g->[Fe2+]r2g,  1.94  eV:  [Fe2+]t2g 
“>[Fe2+>£,  3.11  eV:  [Fe2+]t2g-*(Fe2+)e  and  3.93  eV: 
[Fe2+]r2£— >(Fe2+)r2).  For  the  three  major  transitions  remain¬ 
ing  we  propose  a  new  assignment.  These  transitions  are  as¬ 
signed  to  intersublattice  charge  transfer  transitions  (2.61  eV: 
(Fe3+)f2->[Fe2+>2  3.46  eV:  [Fe3+]eg-»(Fe24>2  and  3.94 

eV:  (Fe3+)r2— >[Fe2+]es),  since  the  relative  peak  positions, 
the  relative  strengths  and  the  linewidths  of  these  transitions 
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FIG.  1.  Relative  maximum  e’xy  value  (a)  vs  [Fe2+]  and  (b)  [Fe3+]  content  for 
the  IVCT  transition;  (O)  0.56  eV,  (□)  1.94  eV,  (A)  3.11  eV,  and  (T)  3.93 
eV. 

are  consistent  with  the  results  reported  for  YIG.8  From  this 
transition  assignment  for  Fe304  the  transition  assignment  for 
related  ferrites  such  as  MgFe204  and  Li0.5Fe2  504  can  be  de¬ 
rived.  This  assignment  should  be  the  same  as  that  of  Fe304 
without  the  IVCT  transitions  as  these  involve  Fe2+,  although 
one  should  allow  for  some  shift  in  transition  energy  and  dif¬ 
ferences  in  intensity.  We  used  the  dielectric  tensor  of 
MgFe204  from  the  literature9  and  applied  the  same  fit  proce¬ 
dure.  This  yields  three  major  MO  transitions  consistent  with 
the  ISCT  transitions  found  in  Fe304  and  in  YIG.  Hence  our 
assignment:  2.64  eV  (Fe3+)r2-^[Fe2+]r2g,  3.48  eV:  [Fe3+]^ 
->(Fe2+)f2  and  3.97  eV:  (Fe3+)r2^[Fe2+>2r  The  same 
transitions  are  observed  in  Li05Fe2  5O4 ,2>10  however,  at  in¬ 
creased  intensity  and  at  higher  energies  compared  to 
MgFe204.  The  increased  intensity  is  in  part  due  to  the  in¬ 
creased  amount  of  Fe3+  and  in  part  due  to  the  perturbation  of 
the  octahedral  symmetry  as  a  result  of  the  small  ion  radius  of 
Li+.  The  latter  is  also  responsible  for  the  increase  in  transi¬ 
tion  energy.  The  same  shift  in  transition  energy  is  observed 
for  Al3+  substitution  of  Fe304.7  Thus,  also  the  MO-Kerr 
spectra  of  MgFe204  and  Li0  5Fe2  504  can  be  interpreted  in  a 
consistent  manner  with  the  proposed  transition  assignment 
given  for  Fe304. 

The  data  obtained  for  the  transition  assignment  of  Fe304 
and  the  assignment  itself  can  be  applied  to  the  investigation 


FIG.  2.  The  measured  Kerr  rotation  spectrum  of  115  nm  Fe304  layer  on 
MgAl204  (100)  ( — )  vs  the  theoretical  spectrum  of  a  perfect  layer  ( — )  and 
the  fitted  spectrum  (■■*)■ 


of  the  stoichiometric  quality  of  thin  layers  of  Fe304.  The 
polar  Kerr  spectra  between  0.7  and  4.0  eV  were  measured  of 
thin  layers  of  Fe304  deposited  by  oxidic  molecular  beam 
epitaxy  (MBE)11  on  MgAl204  (100)  with  thicknesses  of  40, 
115  (see  Fig.  2),  and  360  nm.  The  polar  Kerr  spectra  of  these 
layers  are  distorted  by  interference.  From  the  dielectric  ten¬ 
sor  of  Fe304  we  were  able  to  calculate  the  theoretical  polar 
Kerr  spectra  of  these  layers  (dashed  line  in  Fig.  2),  thereby 
isolating  the  interference  effects  from  true  changes  in  the 
dielectric  tensor.  In  the  measured  spectra  (solid  line)  an  en¬ 
ergy  shift  and  a  reduced  intensity  for  the  IVCT  transitions  is 
observed.  Based  on  the  transition  assignment  for  Fe304  we 
could  identify  oxidation  of  part  of  the  layer  as  the  cause  of 
these  changes.  Subsequent  model  calculations  (leading  to  the 
dotted  line  in  Fig.  2)  enabled  us  to  localize  and  quantify  this 
oxidation  to  the  upper  2-4  nm  of  the  layer.12,13 

Since  the  Verwey  transition  is  often  taken  as  an  indica¬ 
tion  for  the  stoichiometric  quality  of  Fe304, 14,15  we  also  de¬ 
termined  the  Verwey  temperature,  Tv,  of  the  40,  115,  and 
360  nm  thick  layers  on  MgAl204;  see  Fig.  3.  Tv  was  iden¬ 
tified  through  changes  in  resistivity,  p,  with  temperature,  T. 
We  take  as  a  measure  for  Tv  the  temperature  at  which  the 
derivative  of  the  pIT  vs  T”1  is  maximum.16  For  the  360  nm 
thick  layer  this  leads  to  rv=122±l  K,  equal  to  the  bulk 
value.  For  the  115  nm  layer  Tv  is  109  ±1  K.  For  the  40  nm 
thick  layer  a  barely  discemable  Tv  at  107±1  K  is  found.  In 
addition  to  the  shift  to  lower  transition  temperature  for  thin¬ 
ner  films,  also  a  broadening  of  the  transition  and  changes  in 
the  high  temperature  p  are  found. 

Oxidation  of  the  total  layer  might  lead  to  the  observed 
reduction  in  Tv.14  However,  the  Kerr  measurements  point  to 
an  oxidized  surface  layer.  The  changes  observed  are,  there¬ 
fore,  better  explained  by  the  influence  of  the  substrate  on  the 
conductance  of  the  film.  As  the  perpendicular  lattice  param¬ 
eter  at  room  temperature  of  the  115  nm  thick  Fe304  layer  is 
8.398±0.004  A,  which  is  within  the  experimental  accuracy 
equal  to  the  bulk  lattice  parameter,  epitaxial  strain  is  ruled 
out  as  the  prime  cause  for  the  reduced  Tv  in  this  case.  How¬ 
ever,  the  difference  in  thermal  expansion  coefficients  be¬ 
tween  substrate  and  the  Fe304  film  could  give  rise  to  the 
observed  increased  reduction  of  Tv  for  thinner  layers.  Hence, 
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FIG.  3.  Specific  resistivity  divided  by  temperature,  p/T,  of  thin  layers  of 
Fe304  on  MgAl204  as  a  function  of  inverse  temperature,  T~ 1 .  (•)  40  nm, 
(-)  115  nm,  and  (□)  360  nm. 

as  strain  due  to  differences  in  thermal  expansion  coefficient 
influences  Tv  ,17  this  parameter  may  not  be  suited  to  assess 
the  stoichoimetric  quality  of  epitaxial  thin  Fe304  layers.  In 
addition,  it  does  not  provide  depth  dependent  information  as 
the  Kerr  spectrum  does. 

Finally,  we  wish  to  point  out  the  importance  of  spectral 
variations  in  MO-Kerr  effect  (MOKE)  experiments  to  deter¬ 
mine  the  magnetic  anisotropy  in  ferrite  layers  grown  on  a 
certain  substrate.  As  an  example  we  give  the  Kerr  ellipticity 
and  rotation  at  a  wavelength  \=514  and  633  nm  versus  the 
Fe304  thickness,  f°r  a  wedge  of  Fe304  grown  on  MgO 
(100)  covered  with  a  2  nm  MgO/3  nm  NiO  capping  layer. 
MgO  was  chosen  as  substrate  as  previous  work  has  shown 
that  growth  on  this  substrate  results  in  proper  Fe304.18  Fig¬ 
ure  4  shows  that  \=633  nm  (HeNe  laser)  and  K=514  nm 
(the  green  line  of  an  Ar+  laser)  allow  the  polar  MOKE  de¬ 
tection  of  hysteresis  loops  down  to  9  and  2.5  nm,  respec¬ 
tively.  We  should  remark  that  reliable  hysteresis  loops  for 
anisotropy  analysis  are  only  obtained  at  somewhat  larger 
thicknesses  than  those  listed  above,  e.g.,  12  nm  for  \=633 
nm  and  8.5  nm  for  514  nm.  The  fact  that  514  nm  allows  the 
detection  at  lower  thickness  is  caused  by  several  effects.  We 
have  found  that  interference  shifts  the  MO-Kerr  spectrum  of 
thin  Fe304  layers  to  the  blue;  a  capping  layer  may  enhance 
this  effect. '  Furthermore,  the  Fe304  absorption  is  larger  at 
shorter  wavelengths.  From  Fig.  4  we  conclude  that  for  stud¬ 
ies  of  wedged-shaped  samples  judicious  selection  of  the 
wavelength  is  important. 

III.  CONCLUSIONS 

We  have  found  through  systematic  substitution  with 
Mg2+  and  Al3+  that  the  main  transitions  in  the  magneto¬ 
optical  (MO)-Kerr  spectrum  of  Fe304  can  be  assigned  to 


FIG.  4.  Comparison  of  the  Kerr  effect  vs  Fe304  layer  thickness,  ?Fe3o4>  f°r  a 
wedge-shaped  Fe304  sample  at  two  wavelengths,  X.  (□)  ellipticity  eK  at  633 
nm;  (•)  rotation  0^  at  514  nm. 

intervalence  charge  transfer  transitions  at  0.56,  1.94,  3.11, 
and  3.93  eV  and  intersublattice  charge  transfer  transitions  at 
2.61,  3.46,  and  3.94  eV.  Also  the  MO-Kerr  spectra  of 
MgFe204  and  Li0  sFe2  504  can  be  assigned  consistently.  Two 
applications  of  this  understanding  of  the  MO-Kerr  spectrum 
of  Fe304  have  been  shown  in  the  field  of  thin  oxidic  films: 
first  in  a  stoichiometry  analysis  of  an  Fe304  layer,  second,  in 
the  wavelength  selection  in  MO-Kerr  effect  studies  of  such 
layers. 
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Site  affinity  of  substituents  in  Nd2Fe17_xTx  (T=Cu,Zr,Nb,Ti,V)  alloys 

W.  B.  Yelon  and  Z.  Hu 

Research  Reactor  Center,  University  of  Missouri-Columbia,  Columbia ,  Missouri  65211 

W.  J.  James  and  G.  K.  Marasinghe 

Graduate  Center  for  Materials  Research ,  University  of  Missouri-Rolla,  Rolla,  Missouri  65401 

In  order  to  understand  the  magnetic  properties  of  the  substituted  rare-earth-iron  alloys,  it  is 
especially  important  to  know  the  location  of  the  substitutional  atoms  within  the  iron  lattice.  The  site 
distributions  of  some  nontransition-metal  substituents  in  the  substituted  Nd2Fe17_jCTJC  alloys  have 
previously  been  reported.  Here  we  report  the  site  distributions  of  some  transition-metal  substituents 
(Cu,Zr,Nb,Ti,V)  in  the  Nd2Fe17_;cT;c  alloys  and  compare  them  with  those  of  the  nontransition-metal 
substituted  compounds.  Rietveld  analysis  of  neutron  powder  diffraction  data  indicates  that  the 
nontransition-metal  substituents  show  very  similar  site  affinity  at  low  substituent  content.  For 
example  Al,  Ga,  and  Si  all  prefer  the  18 h  sites.  The  transition-metal  substituents  show  a  more 
complex  site  affinity.  Ti  and  V  atoms  strongly  prefer  the  6  c  sites,  Cu  atoms  prefer  the  9  d  and  18/ 
sites,  Nb  atoms  prefer  the  6c  and  18 h  sites,  and  Zr  atoms  prefer  6c  and  18/  sites.  It  was  also  noted 
that  the  site  affinity  can  change  if  carbon  is  included  in  the  melting  procedure  of  the  sample 
preparation.  The  superconducting  quantum  interference  device  measurements  show  that  all  the 
substituted  compounds  have  a  Curie  temperature  higher  than  the  unsubstituted  parent  compound. 
The  relationship  between  the  site  distribution  of  substituents  and  the  magnetic  properties  of  the 
substituted  Nd2Fe17_JCTJC  alloys  is  discussed.  ©  1996  American  Institute  of  Physics . 
[S0021-8979(96)33208-3] 


INTRODUCTION 

High  performance  permanent  magnets  should  exhibit  a 
Curie  temperature  (Tc)  high  enough  to  ensure  the  stability  of 
the  magnetic  properties  under  operating  conditions.  Moving 
more  and  more  of  the  iron-iron  bonds  into  the  optimum 
ferromagnetic  exchange  distance  range  while  leaving  a  suf¬ 
ficiently  concentrated  iron  lattice  is  one  possible  way  of  im¬ 
proving  the  Curie  temperature  of  the  rare-earth-iron  com¬ 
pounds.  Intensive  research  on  enhancing  the  magnetic 
properties  of  the  rare-earth-iron  compounds  by  incorporation 
of  interstitial  atoms1"6  and  incorporation  of  substitutional 
atoms7"15  (or  by  a  combination  of  those  two  methods)16,17 
has  been  carried  out  recently. 

It  is  well  accepted  that  different  Fe  sites  are  of  differing 
importance  in  the  magnetic  exchange  coupling.  Thus,  it  is 
especially  important  to  know  the  location  of  substituents  be¬ 
cause  new  materials  may  be  optimized  by  the  elimination  of 
particular  exchange  interactions  detrimental  to  strong  ferro¬ 
magnetic  interaction.  The  only  tool  capable  of  extracting  this 
information  directly  is  neutron  diffraction.  Analysis  of  the 
site  substitution  mechanism  may  lead  to  substituted  com¬ 
pounds  in  which  the  desirable  Fe-Fe  bond  lengths  are  main¬ 
tained  while  the  Fe  atoms  of  the  less  desirable  bonds  are 
replaced  by  nonmagnetic  species  to  give  Curie  temperatures 
high  enough  to  be  of  technological  interest. 

We  have  previously  reported  the  site  distribution  of 
some  nontransition-metal  substituents6"8,14,15  in  the  substi¬ 
tuted  Nd2Fe17__A.Tx  alloys.  Little  is  known  about  the  site  dis¬ 
tributions  for  most  transition-metal  substituents  except  Co.18 


The  site  distributions  of  some  transition  metal  substituents 
(Cu,Zr,Nb,Ti,V)  in  Nd2Fe17_xTx  alloys  are  reported.  Our  fo¬ 
cus  is  on  low  substituent  content  because  high  substituent 
content  will  result  in  a  larger  reduction  of  magnetization. 


EXPERIMENT 

Samples  of  Nd2Fe17_xTx  (T=Ti,V,Cu,Zr,Nb)  were  pre¬ 
pared  from  99.9%  or  higher  purity  elements  by  rf  induction 
melting  in  a  flowing  argon  atmosphere  at  the  Materials  Re¬ 
search  Center  of  the  University  of  Missouri-Rolla.  After 
melting,  the  ingots  were  wrapped  in  tantalum  foil  and  were 
vacuum  annealed  at  950  °C  for  one  week.  The  ingots  were 
then  crushed  and  ground  finely  in  an  acetone  bath. 

The  powder  neutron  diffraction  patterns  were  collected 
at  the  Missouri  University  Research  Reactor  Center  by  using 
a  linear  position  sensitive  detector  with  a  wavelength  of 
1.4783  A.  The  data  for  each  sample  were  collected  at  room 
temperature  on  —2  g  of  a  finely  powdered  sample  placed  in 
a  thin  wall  vanadium  container.  The  two-theta  range  is  from 
5°  to  105°. 

Refinements  of  the  neutron  diffraction  data  were  carried 
out  using  the  program  FULLPROF,  which  permits  multiple 
phase  refinement  as  well  as  magnetic  structure  refinement  of 
each  of  the  coexisting  phases.  In  each  of  the  samples,  a  small 
amount  of  a-Fe,  ranging  from  0.5%  to  5%  in  volume,  was 
the  only  detectable  second  phase.  The  Curie  temperatures 
were  measured  by  a  superconducting  quantum  interference 
device  using  a  Quantum  Design  MPMS  system. 
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TABLE  L  Site  occupancies  of  substituents  in  2:17  compounds. 


Compound 

Lattice  parameter 

** 

Substituent  occupancies  (%) 

Tr 

a  (A) 

c  (A) 

da 

v  (A3) 

6c 

9  d 

18/ 

m 

(K) 

Nd2Fe]603Tio.97 

8.6135(1) 

12.5244(2) 

1.4540 

804.723 

2.24 

34.1 

1.2 

2.4 

1.4 

383 

Nd2Fe1603V097 

8.5993(2) 

12.5109(4) 

1.4549 

801.211 

1.69 

38.9 

0.0 

3.2 

0.0 

365 

Nd2Fe]629Cu071 

8.5727(2) 

12.4530(2) 

1.4526 

792.575 

1.97 

0.0 

7.6 

8.0 

0.0 

360 

Nd2Fe1612Zr088 

8.5903(3) 

12.4730(5) 

1.4520 

797.100 

2.24 

7.8 

0.0 

12.0 

0.0 

375 

Nd2Fe15  99Nb1  oi 

8.5971(2) 

12.4912(3) 

1.4530 

799.527 

1.54 

16.2 

0.0 

7.0 

4.4 

370 

Nd2Fe15Al2 

8.6569(1) 

12.5782(3) 

1.4530 

814.300 

2.18 

4.0 

0.0 

7.0 

24.8 

435 

Nd2Fe148Si22 

8.5524(3) 

12.4988(5) 

1.4614 

791.724 

3.80 

0.0 

7.2 

0.0 

33.5 

470 

Nd2Fe149Ga2  j 

8.6281(1) 

12.5531(2) 

1.4549 

809.304 

3.34 

0.0 

0.0 

oo 

o o 

25.6 

a 

Nd2Fe15  99Tij  0] 

8.6042(3) 

12.5133(5) 

1.4543 

802.271 

2.42 

37.7 

0.0 

2.6 

1.6 

a 

Nd2Fe,594Ti1 06C029 

8.6452(5) 

12.4875(9) 

1.4444 

808.270 

3.82 

1.2 

4.8 

6.4 

8.4 

a 

aHave  not  been  measured. 


RESULTS  AND  DISCUSSION 

The  site  occupancies  of  the  transition-metal  substituents 
and  the  lattice  parameters  of  Nd2Fe17_JtT;c  (T=Ti,  V,  Cu,  Zr, 
and  Nb),  obtained  from  neutron  diffraction  data,  are  given  in 
Table  I.  For  comparison,  the  site  occupancies  of  some 
nontransition-metal  substituents  and  their  lattice  parameters 
in  Nd2Fe17„JCTJC  (T=Al,Si,Ga),  obtained  in  previous  studies, 
are  also  given  in  Table  I. 

The  unsubstituted  parent  compound  Nd2Fe17  has  a  unit 
cell  volume  of  799.7  A3.  The  substituents  will  change  the 
unit  cell  volume  due  to  the  different  “size”  of  different  sub¬ 
stituents  and/or  some  other  chemical/electronic  effects.  Pre¬ 
vious  studies  showed  that  the  nontransition-metal  A1  and  Ga 
will  increase  the  unit  cell  volume6”8  while  Si  will  decrease 
it.14,16  That  behavior  can  be  explained  by  the  “size  effect” 
because  A1  and  Ga  have  an  atomic  radius  larger  than  that  of 
Fe  while  Si  has  a  radius  smaller  than  that  of  Fe.  However, 
the  case  of  transition  metal  substitution  is  complex.  Although 
most  of  the  transition  metals,  such  as  Ti,  V,  Zr,  and  Nb,  have 
a  free  atom  radius  much  bigger  than  A1  or  Ga,  the  volume 
effect  of  the  transition-metal  substitutions  are  much  weaker 
than  those  of  the  nontransition-metal  substitutions.  The  A1  or 
Ga  expands  the  unit  cell  of  Nd2Fe17  compound  by  more  than 
8.5  A3/per  substituent  atom.6”8  In  contrast,  the  first-row  tran¬ 
sition  metals  Ti  and  V  only  increase  the  unit  cell  by  1 .4  A3/V 
atom  and  5.0  A3/Ti  atom,  respectively,  while  the  second-row 
transition  metals  Zr  and  Nb  even  decrease  the  unit  cell 
slightly  (Table  I).  This  behavior  strongly  suggests  that  the 
transition-metal  substituents  bond  to  Fe  and  Nd  atoms  in  the 
2:17  compound  more  strongly  than  do  the  nontransition  met¬ 
als. 

For  a  singly  substituted  compound,  the  site  distribution 
of  substituents  can  be  determined  directly  from  the  neutron 
diffraction  data.  From  Table  I,  we  see  that  nontransition 
metal  substituents  have  a  strong  preference  for  the  18 ft  site, 
which  can  be  explained  by  the  coordination  effect,  because 
18 ft  sites  have  the  most  rare  earth  neighbors  (three)  and  the 
fewest  transition  neighbors  (nine).  Nontransition  metal  sub¬ 
stituents  show  a  preference  for  bonding  to  rare  earth  atoms. 
The  transition  metal  substituents  show  more  complex  site 
affinities.  For  the  first-row  transition  metals  Ti,  V,  and  Cu, 
the  steric  effect  alone  can  be  used  to  explain  the  site  affinity. 
For  the  Cu  compound,  the  small  atom  radius  of  Cu  results  in 


Cu  occupancy  of  the  9  d  (which  has  the  smallest  size)  and  the 
18/  sites  (which  have  the  second  smallest  size).  For  the  Ti 
and  V  compounds,  the  large  atom  radii  of  Ti  and  V  force 
them  to  occupy  the  largest  6  c  sites  and  leave  the  other  sites 
almost  empty  of  substituents.  For  the  second-row  transition- 
metal  substituents  Zr  and  Nb,  the  site  affinities  of  the 
transition-metal  substituents  appear  to  be  the  result  of  a  com¬ 
bination  of  the  steric  effect  and  the  coordination  effect.  Be¬ 
cause  they  have  large  atom  radii,  the  steric  effect  will  pro¬ 
mote  occupancy  of  the  largest  6c  sites  or  the  second  largest 
18 ft  sites.  However,  because  of  their  negative  affinity  for 
rare-earth  neighbors,  they  avoid  the  18 ft  site,  but  take  the 
18/  site.  While  Nb  has  a  stronger  affinity  for  the  6  c  site  than 
for  the  18/  site,  Zr  shows  an  inverse  site  affinity. 

Another  interesting  behavior  which  has  recently  been 
observed  is  also  given  in  Table  I.  When  carbon  is  included  in 
the  melt,  the  site  affinity  of  Ti  is  totally  changed.  As  can  be 
seen  from  Table  I,  the  Ti  atoms  strongly  prefer  the  6c  sites  if 
the  sample  contains  no  C.  However,  if  C  is  introduced  into 
the  sample  by  melting  (not  the  gas  phase  reaction  method), 
the  Ti  atoms  prefer  the  18 ft  and  18/  sites.  This  phenomenon 
does  not  occur  for  nontransition-metal  substituents.19  A 
broader  and  deeper  study  of  this  phenomenon  is  underway. 

The  Curie  temperatures  of  some  samples  were  measured 
by  a  superconducting  quantum  interference  device  and  the 
results  are  given  in  Table  I.  All  the  substituted  samples  have 
a  Curie  temperature  higher  than  that  of  the  unsubstituted 
parent  compound  Nd2Fe17  (330  K)  regardless  of  the  unit  cell 
size. 


CONCLUSIONS 

The  nontransition-metal  substituents  show  very  similar 
site  affinities  at  low  substitutent  content:  all  prefer  the  18ft 
sites.  The  transition-metal  substituents  show  a  more  complex 
site  affinity,  e.g.,  Ti  and  V  atoms  prefer  the  6c  sites,  Cu 
atoms  prefer  the  9  d  and  18/  sites,  Zr  and  Nb  atoms  prefer 
the  6c  and  18/  sites.  The  site  affinity  of  the  transition-metal 
substituent  can  change  if  carbon  is  included  in  the  sample 
preparation  by  melting.  All  the  substituted  compounds  have 
Curie  temperatures  higher  than  the  unsubstituted  parent  com¬ 
pound. 
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Self-consistent  spin-polarized  electronic  structure  calculations  have  been  carried  out  to  derive  the 
magnetic  properties  of  the  Sm2Fe17_xAx  (A=A1,  Ga,  Si  and  x=0  and  1).  The  influence  of  impurities 
on  the  Curie  temperature  (Tc)  of  Sm2Fe17  has  been  studied  using  the  spin-fluctuation  approach  of 
Mohn  and  Wohlfarth.  The  calculated  Tc  generally  goes  up  with  the  addition  of  each  impurity  but  the 
relative  increase  in  Tc  depends  on  the  type  of  the  impurity  and  its  site.  The  calculated  Tc 
enhancement  weighted  with  the  impurity-site  occupancy  from  Mossbauer  data  are  in  good 
agreement  with  the  experimental  data.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)33308~X] 


Recently  a  substantial  enhancement  in  Tc  has  been  ob¬ 
served  with  a  low  concentration  of  impurities  substituting  for 
Fe  in  R2Fe17  compounds.1"8  For  example  a  substitution  of 
Al,  Ga,  and  Si  for  one  of  the  Fe  atoms  in  Sm2Fe17  raises  its 
Tc  from  391  (Refs.  2-5)  to  410  (Ref.  7)  to  417  (Ref.  2),  468 
(Ref.  5)  to  512  (Ref.  6),  and  490  (Ref.  7),  respectively.  In  this 
paper  we  start  with  the  study  of  the  magnetovolume  effect  of 
the  parent  compound  Sm2Fe17.  Then  we  examine  how  vari¬ 
ous  impurities  substituting  for  Fe  in  Sm2Fe17  modify  its  mag¬ 
netization  and  Curie  temperature  ( Tc ).  Calculated  results  are 
compared  with  the  available  data. 

We  employ  the  linear-muffin-tin-orbitals  (LMTO) 
method  in  the  atomic  sphere  approximation  to  calculate  the 
self-consistent  spin-polarized  electronic  structure  and  mag¬ 
netic  properties  of  ferromagnetic  (FM)  Sn^Fe^^A*  (A 
=A1,  Ga,  Si  and  x  =0,1)  alloys.  Sm  4/  electrons  are  treated 
as  core  electrons  with  their  spins  antiparallel  to  those  of  the 
majority  of  Fe  electrons  (Total  energy  calculations  show  that 
this  state  is  more  stable  than  the  parallel-spin-alignment 
state.)  We  use  the  linear  tetrahedron  method  with  65  k  points 
in  the  irreductible  part  of  the  Brillouin  zone  for  Sm2Fe17. 
The  calculations  with  impurities  were  carried  out  for  the 
same  cell  as  for  Sm2Fe17.  Because  of  the  changes  in  the 
point-group  symmetry  due  to  a  large  number  of  the  impuri¬ 
ties  considered  here  we  performed  all  the  impurity  calcula¬ 
tions  at  64  k  points  distributed  throughout  the  entire  Bril¬ 
louin  zone.  The  lattice  parameters  for  the  various  alloys  were 
taken  from  Refs.  1-8. 

The  Sm2Fe17  has  a  rhombohedral  Th2Zn17  structure.  The 
unit  cell  contains  19  atoms  with  1  Sm  and  4  Fe  sites.  The 
number  of  nearest  neighbors  is  12  for  d ,  /,  and  h  Fe  sites, 
and  14  for  c  Fe  sites.  The  relative  positions  of  neighbors  are 
similar  for  d ,  /,  and  h  sites  with  icosahedral  symmetry  en¬ 
vironment.  The  d  site  has  some  rotational  distortion  and  dis¬ 
tortion  in  interatomic  distances,  but  /  and  h  sites  are  almost 
ideally  icosahedrally  coordinated. 

Self-consistent  spin-polarized  electronic  structure  calcu¬ 
lations  are  used  to  calculate  the  magnetic  moments  at  various 
sites  in  Sm2Fe17  as  a  function  of  the  volume.  The  magneti¬ 
zation  decreases  rapidly  with  decreasing  volume  [Fig.  1(a)]. 
This  behavior  is  similar  to  the  magnetovolume  effect  in  fee 
Fe,  but  transition  to  the  state  with  low  magnetic  moment  is 


not  as  steep.  Beuerle  et  al  obtained  similar  results  for 
Y2Fe17.9  The  site  decomposed  magnetic  moments  are  pre¬ 
sented  in  Fig.  1(b).  The  c  site  has  the  largest  while  the  d  site 
has  the  smallest  magnetic  moment  of  all  the  Fe  atoms.  This 
is  the  expected  magnetovolume  effect  because  the  c{d)  site 
has  the  largest  (smallest)  Wigner-Seitz  (WS)  volume  of  all 
the  Fe  atoms.  Finally  the  induced  non-4/  spin  moment  on 
Sm  is  antiparallel  to  those  of  Fe  moments,  the  well-known 
hybridization  effect. 

Substitutional  impurities  modify  hard-magnet  properties 
due  to  changes  in  hybridization  produced  by  changes  in 
bonding  and  volume.  We  use  the  Mossbauer  data  as  a  guide 
to  study  the  effect  of  impurities  on  the  magnetic  properties  of 
Sm2Fe17.  Due  to  the  complexity  of  this  problem  we  consider 
a  single  impurity  per  cell,  i.e.,  Sm2Fe16A  (A=A1,  Ga,  Si). 
Furthermore  we  consider  one  site  at  a  time  for  each  impurity. 
The  calculated  magnetization  results  are  compared  with  the 


240  250  260  270  280 

Volume  of  unit  cell  (A3) 


FIG.  1.  (a)  Magnetization  and  (b)  site  decomposed  magnetic  moment  per 
atom  as  a  function  of  the  cell  volume  for  Sm2Fe17 . 
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TABLE  I.  Magnetization  in  Sm2Fe16A(/xB/atom). 


A— > 

Fe 

Al(c) 

A1  if) 

Al« 

Ga(c) 

Ga(/) 

Ga® 

Si(c) 

S>  if) 

sm 

2.001 

1.868b 

1.924 

1.950 

1.642b(4.2  K) 

1.969 

1.944 

1.972 

1.68c(300  K) 

1.972 

1.871 

1.884 

1.312d(300  K) 

1.930 

Calculated  magnetization  values  include  a  Sm  4/  contribution  of  0.715  ^B/atom. 
bReference  1. 
cReference  4. 

Reference  8. 


available  experimental  data  in  Table  I.  In  this  comparison 
one  should  keep  in  mind  that  the  0  K  calculated  results  de¬ 
pend  on  the  degree  of  4/  polarization  and  the  experimental 
data  depend  on  the  temperature. 

Finally,  we  consider  the  enhancements  in  Tc  due  to  vari¬ 
ous  impurities  in  Sm2Fe17 .  The  exchange-parameter  analy¬ 
sis  described  earlier  gives  only  a  qualitative  description  of 
magnetism  in  Sm2Fe17  but  the  Tc  estimated  from  this  model 
is  too  high.  The  spin- fluctuation  model  of  Mohn  and 
Wohlfarth11  has  been  reasonably  successful12  in  predicting 
the  changes  in  Tc.  We  use  this  model  here  to  study  the 
changes  in  Tc .  In  this  model 


where  M0  is  the  Fe  magnetization  per  unit  cell  and  xo  is  the 
enhanced  ferromagnetic  susceptibility,  both  at  0  K, 


1  (  1 
N\Ef)  +  WEf) 

where  N\Ef )  and  Nl(EF)  are,  respectively,  the  average 
spin-up  and  spin-down  density  of  states  (DOS)  per  Fe  atom 
at  the  Fermi  energy  (EF)  and  I  is  the  Stoner  parameter.  Our 
calculations  give  7=0.91  eV.  As  can  be  seen  from  Table  I, 
the  changes  in  the  calculated  magnetization  for  the  various 
impurities  are  quite  small.  Thus  most  of  the  changes  in  Tc 
must  come  from  the  changes  in  N\Ef)  and  N^(EF).  In 
general,  a  decrease  in  DOS  at  EF  enhances  Tc  as  can  be  seen 
from  Eqs.  (1)  and  (2).  To  qualitatively  see  how  impurities 
enhance  Tc  we  show  the  site-projected  DOS  for  Sm2Fe17  in 
Fig.  2.  The  result  for  the  four  Fe  sites  are  qualitatively  simi¬ 
lar  with  the  DOS  near  EF  dominated  by  the  d  states.  An 
impurity  modifies  the  width  of  the  Fe  d  band  and  promotes 
new  Fe  states  at  the  impurity  p  band  (~8  eV  below  Ef) 
through  magnetovolume  and  hybridization  effects.  These 
changes  lead  to  changes  in  M0  and  Xo  and  hence  Tc.  Since 
Ef  is  located  at  different  points  along  a  steep  edge  of  major¬ 
ity  DOS  for  different  Fe  sites,  the  narrowing  of  their  bands 
due  to  volume  expansion  and  lower  impurity-Fe  (s-d)  hy¬ 
bridization  compared  to  that  of  Fe-Fe  {d-d)  will  lower 
N\Ef )  (raise  Tc)  by  varying  amounts.  As  can  be  seen  from 


1  _  1 
Xo  4/t| 


Fig.  2,  the  c{d)  sites  will  make  the  least  (most)  contribution. 
Also  while  volume  expansion  enhances  M0,  the  promotion 
of  new  unpolarized  Fe  p  states  by  the  impurity  lowers  M0. 

The  overall  effect  on  Tc  of  the  various  changes  in  the 
electronic  structure  produced  by  different  impurities  is 
shown  in  Table  II.  All  three  impurities  at  c,  /,  and  h  sites 
enhance  Tc  with  the  enhancement  being  minimum  for  the  c 
site  and  the  maximum  for  the  h  site.  The  result  for  the  c  site 
is  in  agreement  with  the  prediction  in  the  last  paragraph.  No 
calculations  were  carried  out  for  the  d  site  because  the  Moss- 
bauer  data,  also  shown  in  Table  II,  do  not  give  any  occu¬ 
pancy  for  this  site.  The  calculated  ratios  of  Tc  weighted  with 
the  experimental  site  occupancy  are  also  shown  in  Table  II 
along  with  the  experimental  data.  The  reasonable  agreement 
between  theory  and  experiment  supports  the  Mossbauer  re¬ 
sults  for  the  relative  site  occupancies.  What  determines  the 
relative  site  occupancies  for  different  impurities  is  an  inter¬ 
esting  but  difficult  question. 

Finally  it  is  interesting  that  Tc  increases  by  —21%  with 
the  Si  impurity  even  though  the  volume  decreases  slightly.7 
This  is  primarily  due  to  the  narrowing  of  d  bands  of  Fe 
atoms  surrounding  the  impurity  because  the  Si-Fe  hybridiza¬ 
tion  is  lower  than  that  of  Fe-Fe. 

In  conclusion  we  have  used  the  changes  in  electronic 
structure  in  going  from  Sm2Fe17  to  Sm2Fe16A  (A=A1,  Ga, 
Si)  and  the  spin-fluctuation  theory  to  explain  substantial  en¬ 
hancements  in  the  Curie  temperature. 

We  are  thankful  to  I.  A.  Al-Omari  and  Professor  D.  J. 
Sellmyer  for  many  helpful  discussions.  This  work  is  sup¬ 
ported  by  the  U.S.  Department  of  Energy  under  Grant  No. 


E  (eV) 


FIG.  2.  Site-projected  spin-polarized  density  of  states  of  Sm2Fe17  for  the 
various  Fe  sites.  The  zero  along  the  x  axis  corresponds  to  the  Fermi  energy. 
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TABLE  II.  The  Curie  temperature  ratio  and  site  occupancies  for  Sm2Fe16A. 


A— ► 

Al(c) 

A1  (/) 

A1W 

Ga(c) 

Ga(/  ) 

Ga  (h) 

Si(c) 

Si  (/) 

Si  (h) 

j  jimp  ^ 

1.15 

1.51 

1.53 

1.25 

1.52 

1.52 

1.04 

1.16 

1.29 

1  jSm2Fej7  1 

V  C  1 

calc 

Occupancy,  (%)a 

93 

0 

7 

69.4 

0 

30.6 

19.3 

61.4 

19.3 

/  r;mp  ' 

rSm2Fe17 

1.17 

1.33 

1.17 

\JC  ) 

weight 

1  jrim p  ^ 

1.07b 

1.32c,  1.20d 

1.20e 

1  ^,Sm2Fe17 

\  1  C  1 

expt 

aFrom  Mossbauer  data  in  Refs.  7  and  10. 
Reference  2. 

Reference  6. 

Reference  5. 

Reference  7. 
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The  magnetic  properties  of  a  series  of  Ce2Fe17_^AlA.  solid  solutions  with  *  equal  to  0.0,  0.88,  2.06, 
2.80,  3.98,  5.15,  6.08,  7.21,  8.20,  9.08,  9.84,  and  10.62  have  been  studied  by  magnetic 
measurements,  neutron  diffraction,  and  Mossbauer  spectroscopy.  Neutron  diffraction  data  indicate 
that  the  compounds  all  crystallize  in  the  rhombohedral  Th2Zn17-type  structure.  The  aluminum  atoms 
are  excluded  from  the  9 d  site  and  show  a  distinct  preference  for  the  6c  site  for  x  greater  than  6.  The 
substitution  of  aluminum  leads  to  an  expansion  of  the  a  and  c  axis  by  0.5%  and  0.4%  per  aluminum 
atom.  The  unit  cell  volume  increases  by  approximately  1 .4%  per  aluminum  atom.  The  magnetic 
moment  per  formula  unit,  measured  at  295  K,  shows  very  little  change  for  x  less  than  or  equal  to  4, 
but  decreases  rapidly  with  increasing  aluminum  content  for  higher  values  of  x ,  indicating  that 
aluminum  acts  as  a  magnetic  hole  at  the  lower  concentrations.  The  Curie  temperature  increases  from 
238  K  in  Ce2Fe17  to  a  maximum  of  384  K  in  Ce2Fe14Al3.  The  Ce2Fe17_^Al;c  solid  solutions  behave 
as  spin  glasses  for  x  greater  than  7.  The  Mossbauer  spectra  have  been  fit  with  a  binomial  distribution 
of  the  near-neighbor  environments  in  terms  of  a  maximum  hyperfine  field,  Hmax ,  for  an  iron  atom 
with  zero  aluminum  near  neighbors,  and  a  decremental  field,  A H,  per  aluminum  near  neighbor. 
Mossbauer  spectral  results  indicate  both  that  the  samples  are  ferromagnetically  ordered  in  the  basal 
plane  for  jc  values  between  0.2  and  7  and  that  a  magnetic  phase  transition  occurs  from  helimagnetic 
in  Ce2Fe17  to  ferromagnetic  in  Ce2Fe16  8A10  2.  However,  at  295  K  ferromagnetic  ordering  is  observed 
only  for  x  values  between  2  and  5.  The  average  value  of  tfmax  decreases  by  about  25  kOe  per 
aluminum  atom.  The  isomer  shift  increases  with  aluminum  content,  an  increase  which  can  be 
explained  by  the  screening  of  the  4s  conduction  electrons  by  the  3 d  band  electrons.  A H  decreases 
by  about  1.0  kOe  per  aluminum  atom,  a  decrease  which  can  be  explained  by  the  indirect  exchange 
interaction  between  iron  atoms  modified  by  the  presence  of  non-magnetic  aluminum  atoms  through 
the  4s  conduction  band.  Note  added  in  proof:  A  full  account  of  this  work  has  been  published  in  J. 
Appl  Phys .  79,  3145  (1996).  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)65208-8] 
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The  D022-type  (Al3Ti-type)  phase  in  the  Mn-Ga  system  is  ferrimagnetic;  the  spin  direction  is 
parallel  to  the  tetragonal  c  axis.  The  Curie  temperature  is  about  765  K  (for  (5=0.67),  near  the 
decomposition  temperature.  We  have  prepared  the  £>022-type  alloys  by  annealing  the  quenched 
ingots  of  the  high-temperature  phase  (yMn  phase)  at  400  or  300  °C  for  a  long  time.  The  preparation 
becomes  much  easier  if  the  ingots  are  powdered  by  filing  before  the  annealing.  The  single-phase 
specimens  of  Mn3_^Ga  were  obtained  in  the  composition  range  0.15^(5^1.06.  The  coercivity  of 
some  specimens  was  so  large  that  we  measured  the  magnetization  curve  in  high  magnetic  fields  up 
to  150  kOe.  The  room-temperature  values  of  saturation  magnetization,  remanent  magnetization,  and 
coercivity  of  the  powder  sample  of  the  alloy  with  (5=0.67  are  50  emu/g,  25  emu /g,  and  13.5  kOe, 
respectively.  We  have  also  studied  the  effect  of  magnetic  annealing  during  the  transition  from  the 
yMn  phase  to  the  D022-type  phase  and  the  effect  of  the  addition  of  Fe  to  Mn3_/}a  of  the  D022-type 
phase.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)33408-6] 


I.  INTRODUCTION 

The  Z)022-type  (Al3Ti-type)  phase  in  the  Mn-Ga  system 
is  known  to  be  ferrimagnetic;  the  magnetic  structure  is  re¬ 
vealed  by  neutron  diffraction  experiments,1  as  shown  in  Fig. 

I.  It  has  also  been  reported  that  the  Z)022-type  alloy  with 
74.7  at.  %  Mn  (Mn^/la  with  (5=0.05)  shows  a  large  coer¬ 
civity  of  4.5  kOe2  probably  because  of  a  large  uniaxial  mag¬ 
netic  anisotropy.  But,  detailed  studies  on  these  alloys  have 
not  been  published  to  date. 

We  have  made  x-ray  diffraction  experiments  and  mag¬ 
netic  measurements  for  the  Mn-Ga  alloys  in  a  wide  compo¬ 
sition  range.  The  Z)022-type  phase  is  unstable  at  the  stoichio¬ 
metric  composition  (Mn3Ga),  so  we  have  examined 
Mn3_/jra  with  appropriate  values  of  8.  We  have  investigated 
the  composition  dependence  of  the  lattice  constants,  Curie 
temperature,  decomposition  temperature,  saturation  magneti¬ 
zation,  remanent  magnetization,  coercivity,  and  magnetic  an¬ 
nealing  effect  of  these  alloys. 

II.  EXPERIMENTS 

Ingots  were  prepared  by  melting  gallium  (99.9999%) 
and  electrolytic  manganese  (99.9%)  using  an  argon  arc  fur¬ 
nace.  The  ingot  was  sealed  in  an  evacuated  quartz  tube  with 
argon  gas  of  2.2X104  Pa,  annealed  for  more  than  24  h  at 
900  °C,  and  quenched  into  water  to  obtain  homogeneous  al¬ 
loys  of  the  yMn  phase  with  a  fee  structure.  Further,  powder 
samples  were  prepared  by  filing  a  small  portion  of  the  ingot. 
We  have  prepared  the  Z)022-type  alloys  by  annealing  the  in¬ 
gots  or  the  powder  samples  at  400  or  300  °C  for  several 
days.  The  preparation  is  much  easier  for  the  powder  samples 
since  the  stress  caused  by  filing  enhances  the  rate  of  transi¬ 
tion  from  the  yMn  phase  to  the  Z)022-type  phase.  We  have 


confirmed  by  x-ray  diffraction  experiments  that  the  single 
Z)022-type  phase  specimens  of  Mn^/ja  are  obtained  in  the 
composition  range  0.15^(5^1.06. 

Magnetization  measurements  were  made  using  a 
Faraday-type  automatic  magnetic  balance  and  a  Foner-type 
magnetometer  in  magnetic  fields  up  to  10  or  20  kOe.  Some 
measurements  were  extended  to  150  kOe  using  a  Bitter  mag¬ 
net. 


III.  RESULTS  AND  DISCUSSION 

The  400  °C  annealing  of  Mn^pa  with  £>1.2  was 
found  to  give  the  L 10-  (CuAu)  type  phase,  which  is  rather 
similar  to  the  Z)022  type,  as  shown  in  Fig.  1.  Figure  2  shows 
x-ray  diffraction  patterns  of  Mn3_/3a  with  (a)  (5=1.30  and 
(b)  (5=0.97  at  293  K.  The  pattern  (a)  exhibits  the  Ll0  type 


|  ^1-2.8^  |  ^X||~1.6^b 


a)Also  at  Laboratory  of  Natural  Science  (Physics). 

b^Also  at  Department  of  Electronic  Information  Systems.  FIG.  1.  Crystal  structures  of  D022  type  and  L 10  type. 
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FIG.  2.  X-ray  diffraction  patterns  of  Mn3_/}a  with  (a)  £-1.30,  and  (b) 
8=0.91  at  293  K  (Fe  Ka  radiation). 


with  lattice  parameters  a=3.8974  A  and  c  =  3.6249  A,  while 
pattern  (b)  exhibits  the  D022  type  with  a  =3.9049  A  and 
c =7. 1724  A. 

Figure  3  shows  the  composition  dependence  of  a  and  c 
for  Mn3^<5Ga.  It  should  be  noted  that  a  is  constant  for  both 
DO 22-  and  Ll0-type  phases  while  c  of  D022  type  is  not  so 
different  from  2c  of  Ll0  type.  The  pattern  for  the  alloy  with 
£<0.15  exhibits  the  coexistence  of  the  /3Mn  phase  with  a 
complex  cubic  structure. 

Magnetic  measurements  were  made  only  for  the 
D022-type  phase.  Figure  4  shows  the  temperature  depen¬ 
dence  of  magnetization  a  in  a  magnetic  field  of  10  kOe  for 
Mn3_/}a  with  (a)  £=0.97  and  (b)  £=0.43.  In  Fig.  4(a)  the 
magnetization  during  cooling  is  larger  than  that  during  heat¬ 
ing.  This  is  due  to  the  fact  that  the  10  kOe  field  is  insufficient 
to  saturate  the  magnetization  below  the  Curie  temperature  T c 
(770  K).  In  Fig.  4(b),  on  the  other  hand,  the  D022-type  phase 
begins  to  decompose  at  about  770  K  (Tdec),  resulting  in  an 
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FIG.  3.  Lattice  constants  a  and  c  of  Mn3_(5Ga  at  room  temperature. 
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FIG.  4.  Temperature  dependence  of  magnetization  cr  for  Mn3_(5Ga  with  (a) 
£=0.97,  and  (b)  £=0.43. 

irreversible  decrease  in  cr.  The  Curie  temperature  of  this  al¬ 
loy  is  evidently  higher  than  ^dec- 

We  have  also  made  high-field  magnetization  measure¬ 
ments  since  the  coercivity  of  some  specimens  is  so  large  that 
we  cannot  obtain  a  major  hysteresis  loop  in  a  conventional 
field  of  20  kOe.  As  an  example,  a  high-field  magnetization 
curve  at  room  temperature  for  the  powder  sample  Mn3_/la 
with  £=0.67  is  shown  in  Fig.  5.  The  room  temperature  val¬ 
ues  of  saturation  magnetization  ay ,  remanent  magnetization 
ay ,  and  coercivity  Hc  are  50  emu/g,  25  emu/g,  and  13.5  kOe, 
respectively.  The  fact  that  07=  0 .5as  suggests  the  existence 
of  a  large  uniaxial  magnetic  anisotropy  with  random  orien¬ 
tation.  The  large  coercivity  has  not  been  observed  for  the 
bulk  samples  probably  because  of  the  existence  of  a  coarse 
magnetic  domain  structure. 

Figure  6  shows  the  composition  dependence  of  ay ,  ay , 
and  Hc  of  the  powder  samples  at  room  temperature.  (Instead 
of  ay ,  the  magnetization  at  15  T,  cr15  T,  is  shown.)  With 
increasing  £,  both  cr15  T  and  ay  increase,  while  Hc  decreases. 
The  composition  dependence  of  oy  can  be  explained  on  the 
basis  of  the  spin  structure  shown  in  Fig.  1,  if  we  assume  that 
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FIG.  5.  High-field  magnetization  curve  at  room  temperature  for  Mn3_/5a 
with  £=0.67. 
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FIG.  6.  Composition  dependence  of  the  saturation  magnetization  at  15  T 
cr]5  T,  the  remanent  magnetization  ar ,  and  the  coercivity  Hc  of  the  powder 
samples  of  Mn3_<5Ga  at  room  temperature. 


the  excess  Ga  in  the  D022-type  structure  prefers  the  Mnj  site 
to  the  Mnn  site.  It  should  be  noted,  however,  that  the  crs 
value  extrapolated  to  the  stoichiometric  composition  (£=0) 
is  about  3  times  larger  than  that  expected  from  the  spin  struc¬ 
ture  in  Fig.  1.  Therefore,  we  are  planning  to  make  more 
detailed  neutron  diffraction  experiments  on  these  alloys. 

Because  of  the  rather  large  values  of  as  and  Hc ,  we  may 
expect  the  possibility  of  Mn3_/3a  as  a  hard  magnetic  mate¬ 
rial.  The  characteristics  will  be  much  improved  if  we  can 
align  the  magnetic  anisotropy  axis.  For  this  purpose  we  have 
made  the  magnetic  annealing  during  the  preparation  of  the 
D022-type  (tetragonal)  alloy  from  the  yMn  (cubic)  phase  al¬ 
loy.  Since  the  annealing  temperature  is  sufficiently  lower 
than  the  Curie  temperature,  the  c  axis  of  the  £>022-type  struc¬ 
ture  is  expected  to  align  in  the  direction  of  the  applied  field. 

As  an  example,  the  magnetic  annealing  of  the  powder 
sample  of  Mn3_/ja  with  8=0.61  at  300  °C  in  a  field  of  10 
kOe  is  illustrated  in  Fig.  7,  where  the  magnetization  a  mea¬ 
sured  during  annealing  is  plotted  against  time,  together  with 
the  temperature  T.  The  transition  from  the  yMn  phase  to  the 
D022-type  phase  is  almost  completed  at  360  min  (6  h).  (A 
further  increase  in  a  in  the  Fig.  7  corresponds  to  the  tem¬ 
perature  dependence  of  cr^  of  the  D 022-type  alloy.) 


FIG.  7.  Magnetic  annealing  during  the  transition  from  the  yMn  phase  to  the 
DO 22  phase  for  Mn3_/3a  with  8=0.61.  a  is  the  magnetization  and  T  is  the 
temperature.  The  applied  field  is  10  kOe. 

Unfortunately,  however,  the  alignment  of  the  magnetic 
anisotropy  axis  was  not  so  remarkable  by  this  magnetic  an¬ 
nealing,  probably  because  the  transition  from  the  yMn  (cubic, 
nonmagnetic)  phase  to  the  D022  (tetragonal,  magnetic)  phase 
is  not  direct  but  through  the  medium  of  the  D019-type  (hex¬ 
agonal,  nonmagnetic)  phase,  as  was  confirmed  by  x-ray  dif¬ 
fraction. 

A  detailed  study  on  this  subject  is  now  in  progress. 

As  another  effort  of  the  materials  research,  we  have  also 
studied  the  effect  of  the  addition  of  Fe  to  the  7)022-type 
Mn3_<5Ga.  Single-phase  alloys  of  (Mn1„xFeJC)3_/}a  with 
£=0.30  were  obtained  in  the  range  0^jc^0.25.  We  have 
made  high-field  magnetization  measurements  for  the  powder 
samples.  For  example,  the  room-temperature  values  of  satu¬ 
ration  magnetization,  remanent  magnetization,  and  coercivity 
of  (Mn^FeJ^^a  with  £=0.30  and  x  =0.25  are  38  emu/g, 
18.5  emu/g,  and  12  kOe,  respectively.  In  general,  no  remark¬ 
able  effect  on  a S,TC,  and  Hc  was  observed  by  the  addition 
of  Fe. 
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I.  INTRODUCTION 

The  alloys  LaCo13  and  La(Co,Fe)13  have  a  high  content 
of  3 d  elements.  The  high  concentration  of  3 d  elements  leads 
to  a  large  magnetization  and,  in  some  cases,  a  high  Tc.  Be¬ 
cause  of  these  properties  these  alloys  have  attracted  attention 
as  potential  high  energy  permanent  magnet  materials.1"6  In 
earlier  studies  from  this  laboratory,  Ido  et  al  have  studied 
La(Co,Fe,Al)13  (Ref.  1)  and  Huang  et  al  have  studied 
PrCoj^Si^  .7  The  earlier  works  have  been  extended  in  the 
present  study  to  include  the  ternaries  RCo13_rSir,  in  which 
R=Nd,  Gd,  and  Dy. 

II.  EXPERIMENTAL  DETAILS 

The  ternary  alloys  were  prepared  by  induction  melting 
under  argon,  after  which  they  were  heat  treated  at  1273  K  for 
about  one  week.  X-ray  diffraction  (XRD)  with  Cu  radiation 
was  used  to  determine  crystal  structure,  lattice  parameters, 
and  the  phases  present. 

The  magnetic  properties  (M  and  T c)  were  measured  us¬ 
ing  vibrating  sample  magnetometers  (VSM)  at  temperatures 
ranging  from  10  to  1173  K  and  fields  ranging  from  500  Oe  to 
17  kOe.  The  TMA  measurements  were  made  in  such  a  man¬ 
ner  [low  applied  field  (500  Oe)  and  variable  heating  rate]  to 
provide  the  most  reliable  information  about  the  phases 
present  and  the  values  of  Tc  and  to  clearly  identify  the  spin 
reorientation 

III.  RESULTS  AND  DISCUSSION 

A  very  large  body  of  data  was  acquired.  Due  to  space 
limitations,  only  a  few  representative  data  can  be  presented. 
The  results  are  exemplified  by  the  data  given  in  Tables  I  and 
II  and  Figs.  1-7. 

A.  Phases  formed  and  structural  information 

Information  concerning  the  phase  relationships  is  ob¬ 
tained  by  XRD  measurements  such  as  those  shown  in  Figs.  1 
and  2.  The  phase  relationships  are  rather  similar  for  the  five 


systems  studied:  (1)  At  low  Si  content,  1.5^x^2.0,  the  al¬ 
loys  form  in  the  fee  NaZn13  structure.  (2)  At  high  Si  content, 
3.5^x^4.5,  they  form  in  the  body-centered  tetragonal  (bet) 
Ce2Ni17Si9  structure.  (3)  At  intermediate  Si  concentrations 
the  systems  are  a  mixture  of  fee  and  bet  alloys.  There  are, 
however,  some  exceptions  to  these  generalizations:  (1)  The 
fee  phase  forms  at  x=0-2  for  R=La.  (2)  The  fee  structure 
begins  to  form  at  x  — 1.5  for  R-Pr,  whereas  it  forms  only  for 


TABLE  I.  Phases  present  and  structural  information  for  RCoi3_xSix  alloys 
(R=La,  Pr,  Nd,  Gd,  Dy). 


Phases  present  Lattice  parameters  (main  phase) 


R 

X 

Main 

Minor 

a  (A) 

c(A) 

c/a 

V  (A3) 

La 

0 

fcca 

11.340 

1458.27 

1.0 

fee 

11.325 

1452.49 

2.0 

fee 

11.295 

1440.98 

2.5 

fee 

bet 

3.0 

bet 

fee 

7.871 

11.523 

1.464 

713.88 

3.5 

bctb 

(fcc->0) 

7.851 

11.551 

1.471 

711.98 

4.0 

bet 

7.827 

11.567 

1.478 

708.63 

4.5 

bet 

Co2Si 

7.834 

11.592 

1.478 

711.42 

Pr 

2.0 

fee 

11.259 

2.5 

fee 

bet 

3.0 

bet 

fee 

3.5 

bet 

fee 

7.821 

11.500 

1.470 

730.43 

4.0 

bet 

7.805 

11.539 

1.478 

702.93 

4.5 

bet 

Co2Si 

7.826 

11.566 

1.478 

708.37 

Nd 

3.0 

bet 

fee,  1:1 lc 

7.834 

11.459 

1.462 

703.25 

3.5 

bet 

fee 

7.828 

11.489 

1.470 

702.22 

4.0 

bet 

7.788 

11.519 

1.479 

698.66 

4.5 

bet 

Co2Si 

7.797 

11.552 

1.481 

702.28 

Gd 

3.5 

bet 

1:11 

4.0 

bet 

fee,  Co2Si 

7.773 

11.495 

1.478 

694.52 

Dy 

3.5 

bet 

1:11 

4.0 

bet 

Co2Si 

7.758 

11.491 

1.481 

691.66 

Tec  signifies  the  NaZn13  structure. 
bbct  signifies  the  Ce2Ni17Si9  structure. 
cThe  1:11  signifies  the  BaCdn  structure. 
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TABLE  II.  Magnetic  properties  of  RCo^Si,,  (R=La,  Pr,  Nd,  Gd,  and  Dy). 


R 

X 

Tc  (K) 

M  (emu/g) 

M(/z5/f.u.)  A/(Co,R) 
10  K  ^5/atom 

Tsr 

(K) 

Hc  (Oe) 
10  K 

293  K 

10  K 

La 

0 

1297 

126.0 

131.4 

21.3 

1.64 

1.0 

1050 

106.0 

108.0 

16.9 

1.41 

2.0 

880 

75.9 

80.2 

12.1 

1.10 

3.0 

295,880 

26.6 

41.4 

6.0 

0.6 

3.5 

200,880 

4.3 

24.0 

3.4 

0.4 

4.0 

40 

0.33 

2.24 

0.3 

0.03 

4.5 

0.23 

0.28 

0.04 

Pr 

2.0 

903 

78.1 

92.7 

14.0 

1.9 

2.5 

-295,903 

54.4 

73.7 

11.0 

-28 

900 

3.0 

—290,903 

29.9 

55.2 

8.1 

2.1 

—28 

700 

3.5 

-70,903 

10.1 

37.2 

5.3 

1.9 

~55 

600 

4.0 

20 

1.7 

19.2 

2.7 

2.4 

4.5 

20 

1.4 

15.8 

2.2 

2.2 

Nd 

3.0 

-300,908 

29.6 

53.9 

7.9 

1.9 

-45 

500 

3.5 

225,908 

5.8 

40.7 

5.8 

2.4 

~48 

400 

4.0 

20 

0.7 

17.8 

2.5 

2.2 

Gd 

3.5 

70,483 

8.6 

23.1 

3.4 

6.8 

4.0 

50,600 

7.9 

26.5 

3.8 

4.1 

Dy 

3.5 

55,490 

8.5 

37.7 

5.5 

8.9 

750 

4.0 

45 

2.2 

36.8 

5.3 

5.8 

240 

x  exceeding  3-3.5  for  the  heavier  rare  earths,  Nd,  Gd,  or  Dy. 
Also  as  noted  in  Table  I,  some  of  the  alloys  contained  minor 
amounts  of  other  phases:  2:17,  1:11,  and  Co2Si.  The  lattice 
parameters  (Table  I)  show  that  Si  doping  causes  a  shrinkage 
of  the  lattice. 

In  summary,  the  ternaries  (and  LaCo13)  are  fee  for  low  Si 
content  and  one  bet  at  high  Si  content.  Further  details  are 
given  in  Table  I. 

B.  Magnetic  properties 

Magnetization  results  are  given  in  Figs.  3-7  and  in  Table 
II.  From  the  results  presented,  it  is  to  be  noted  that  LaCo13, 
which  is  fee,  is  a  strongly  ferromagnetic  material  (moment 
=  131  emu/g)  with  a  high  Tc ,  1297  K.  It  thus  satisfies  two  of 
the  requirements  for  a  high  energy  permanent  magnet  mate¬ 
rial.  However,  it  lacks  a  third  requirement — a  uniaxial  crystal 
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FIG.  1.  XRD  patterns  for  LaCo^^Si* .  The  splitting  of  the  422  peak  at 
20-39°  is  a  clear  indication  of  the  transformation  from  cubic  to  tetragonal 
symmetry. 


FIG.  2.  XRD  pattern  for  NaCd]3_JCSi^ . 


structure.  The  present  study  (and  earlier  studies)  shows  that 
the  third  requirement  can  be  induced  by  Si  doping.1,6,7  Un¬ 
fortunately,  however,  as  indicated  in  Figs.  3-7  and  in  Table 
II,  the  tetragonal  materials  have  a  low  Tc — room  tempera¬ 
ture  or  below.  The  fee  alloys  have  a  Tc  ranging  from  880  K 
(for  LaConSi2)  to  1297  K  for  LaCo13.  For  a  given  Si  con¬ 
tent,  the  Tc  of  the  fee  phase  is  dependent  on  the  nature  of  R. 
As  expected,  the  dominant  interaction  is  the  Co-Co  interac¬ 
tion. 

In  regard  to  the  magnetic  moment,  there  is  a  decrease  as 
Si  replaces  Co,  but  the  decrease  is  larger  than  expected  due 
to  the  simple  dilution  of  the  Co  sublattices.  The  decrease 
begins  in  the  fee  alloys  and  continues  in  the  bet  alloys.  The 
bet  alloys  have  small  moments,  <10  emu/g,  as  measured  at 
-10  K. 

The  TMA  for  bet  alloys  with  R=Pr  and  Nd  show  clear 
indications  of  a  spin  reorientation  when  cooled  to  tempera 
tures  in  the  liquid  hydrogen  range  (Figs.  4  and  5).  As  shown 
in  Table  II,  Tsr=55  and  48  K  for  PrCo9.5Si3.5  and 
NdCo95Si35,  respectively.  No  spin  reorientation  was  ob¬ 
served  for  the  La,  Gd,  and  Dy  ternaries.  This  is  as  expected 
for  La(Co,Si)13— since  La  carries  no  moment— -and  for 
Gd(Co,Si)13 — in  which  the  rare  earth  is  spherical  and  hence 
is  isotropic.  It  is  unclear  why  there  is  no  indication  of  spin 


FIG.  3.  M  vs  T  for  three  representative  bet  La(Co,Si)13  alloys.  The  alloys 
with  x-3.5  and  4  are  nearly  single-phase  material.  Their  Curie  temperatures 
are  about  200  and  40  K,  respectively.  The  alloy  with  x~3  is  a  two-phase 
system  composed  of  fee  and  bet  alloys  (see  Table  I).  The  presence  of  the  fee 
impurity  phase  strongly  affects  the  magnetization  of  the  bet  phase. 
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FIG.  4.  M  vs  T  for  two  representative  Nd(Co,Si)13  alloys.  The  Tc' s  for 
NdCo9Si4  and  PrCo9Si4  are  essentially  identical.  The  spin  reorientation  at 
—50  K  is  clearly  evident. 
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FIG.  5.  M  vs  T  for  Pr(Co,Si)]3  alloys.  The  spin  reorientation  at  —28  K  is 
clearly  evident  for  x=2.5-3.5. 
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FIG.  6.  M  vs  T  for  two-phase  NdCo10Si3  alloy  showing  the  spin  reorienta¬ 
tion  at  —45  K  and  the  Tq  s  for  the  bet  and  fee  components. 


FIG.  7.  Hysteretic  behavior  of  PrCo10.5Si2.5,  showing  significant  coercivity 
for  T<  Tsr ,  but  not  for  T>  Tsr . 


rotation  for  the  Dy-containing  ternaries.  Boltich,  Pedziwiatr, 
and  Wallace  showed8  some  years  ago  that  spin  reorientation 
in  rare  earth-d- transition  metal  alloys  occurs  as  a  result  of  a 
complex  interplay  between  the  crystal  field  interaction  for 
the  R  sublattice  and  exchange  primarily  involving  the  d  su¬ 
blattice.  The  temperature  of  the  spin  reorientation  and  the 
shape  of  the  aberration  in  the  TMA  depend  on  the  details  of 
this  interplay.  Perhaps  in  Dy(Co,Si)13  the  spin  reorientation 
takes  place  at  a  temperature  lower  than  that  covered  in  this 
study.  Interestingly,  the  Dy  alloy  exhibits  coercivity  in  its 
hysteresis  loop  even  though  it  does  not  indicate  spin  reorien¬ 
tation  in  its  M  vs  T  plot. 

Hysteresis  loops  were  measured  at  temperatures  above 
and  below  Tsr  for  the  ternaries  in  loose  powder  form.  A  rep¬ 
resentative  loop  (for  PrCo105Si25)  is  shown  in  Fig.  7.  There 
is  negligible  coercivity  for  T>  Tsr  but  appreciable  coercivity 
for  T<Tsr.  This  suggests  that  magnetization  is  along  the  c 
axis  below  rsr  and  shifts  to  the  ab  plane  above  T>Tsr. 


IV.  CONCLUSION 

LaCo13  exists  in  the  fee  NaZn13  structure.  The  corre¬ 
sponding  Pr  alloy  also  forms  in  the  same  structure  if  a  small 
portion  of  the  Co  is  replaced  by  Si.  At  higher  Si  content,  all 
the  systems  adopt  the  bet  Ce2Ni17Si9  structure.  The  fee  alloys 
have  high  Tc  and  are  strongly  magnetic.  The  bet  alloys  are 
weakly  magnetic  with  Tc  at  or  below  room  temperature. 
Pr(Co,Si)13  and  Nd(Co,Si)13  exhibit  spin  -reorientation  ■  at 
—60  and  50  K,  respectively.  Hysteresis  results  suggest  a 
uniaxial  material  at  temperatures  below  Tst  and  ab  plane 
anisotropy  for  T>  Tsr .  Si  doping  stabilizes  the  NaZn13  struc¬ 
ture  in  R(Co,Si)13  alloys.  This  does  not  appear  to  be  exclu¬ 
sively  a  size  effect. 
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The  electronic  structure  of  YCo5  was  calculated  self-consistently  by  the  scalar-relativistic  linear 
muffin-tin  orbital  method  using  an  atomic  sphere  approximation  within  the  framework  of  the  local 
spin  density  approximation.  Using  the  spin-orbit  interaction  (SO)  and  orbital  polarization  term 
(OP),  magnetocrystalline  anisotropy  energy  due  to  3J-electrons  (3d-MAE)  was  calculated  as  a 
function  of  bandfilling  q  [Ea(#)].  At  the  Fermi  level,  the  calculated  Ea (q),  including  SO  and  OP, 
depended  greatly  on  whether  an  /  basis  was  used  for  Co.  Just  below  the  Fermi  level,  however,  Ea (q) 
showed  a  large  and  c -axial  3  d- MAE  comparable  with  the  experimental  data.  This  behavior  of  Ea (q) 
is  closely  related  to  the  calculated  anisotropy  of  orbital  magnetic  moments  and  the  shape  of  density 
of  states  of  the  3d  band.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)33608-9] 


The  magnetocrystalline  anisotropy  energy  (MAE)  of 
rare-earth  (or  Y)  transition  metal  intermetallics  has  been 
studied  by  many  researchers  concerning  its  application  to 
permanent  magnetic  materials.1,2  Although  the  MAE  of  these 
compounds  is  mainly  due  to  the  electrostatic  interaction  be¬ 
tween  the  4/  electrons  on  rare-earth  elements  and  the  crys¬ 
talline  field,  the  spin-orbit  splitting  of  the  3d  band  on  the 
transition  metal  elements  can  contribute  substantially  to  the 
anisotropy  energy  (3J-MAE).  For  example,  the  c-axial  3d- 
MAE  of  YCo5  (3.8  meV/f.u.)3  is  smaller  than  that  of  SmCo5 
(16  meV/f.u.)4"6  only  by  a  factor  of  4.  The  contribution  per 
Co  atom  in  YCo5— 0.76  meV/Co— is  by  far  the  largest  value 
among  the  Y-Co  compounds,  which  is  about  ten  times  as 
large  as  that  of  a  simple  hep  Co  (0.065  meV/Co).7  This  large 
anisotropy  of  YCo5  is  explained  from  the  viewpoint  of  the 
localized  3d  electron  model.3  However,  magnetism  of  the  3d 
electrons  is  discussed  from  the  viewpoint  of  band  magne¬ 
tism. 

Recently,  the  3d-MAE  of  YCo5  was  calculated  by  Daal- 
derop  et  al?  and  Nordstrom  et  al?  with  the  linear  muffin-tin 
orbital  method  with  atomic  sphere  approximation  (LMTO- 
ASA),  including  both  spin-orbit  interaction  (SO)  and  an  or¬ 
bital  polarization  term  (OP).  They  used  experimental  lattice 
parameters  and  5,  p ,  d ,  and  /  bases  for  both  Y  and  Co. 
However,  we  were  not  able  to  obtain  the  theoretical  lattice 
constant  acal  determined  so  as  to  minimize  the  total  energy  in 
the  region  of  ±7%  of  the  experimental  lattice  constant  aexp 
when  we  used  their  calculation  parameters.  On  the  other 
hand,  we  were  able  to  obtain  the  flcaJ  which  is  only  about  2% 
smaller  than  <zexp  when  we  did  not  use  an  /  basis  for  Co.  In 
this  work,  we  calculated  the  3  J-MAE  of  YCo5  using  the 
LMTO-ASA  method  under  the  two  different  sets  of  param¬ 
eters. 

Before  calculating  the  3d-MAE,  the  self-consistent  elec¬ 
tronic  structures  were  calculated  using  the  LMTO-ASA 
method  based  on  the  local  spin  density  approximation.  Here, 
the  parameters  of  Janak,  Moruzzi,  and  Williams10  were  used 
and  the  calculations  were  carried  out  in  scalar  relativistic 
approximation,  neglecting  SO  interaction.  We  calculated  the 


self-consistent  potential  using  the  two  different  sets  of  calcu¬ 
lation  parameters,  in  which  the  most  influential  difference  is 
whether  an  /  basis  is  used  for  Co.  In  set  (1),  we  used  param¬ 
eters  similar  to  Daalderop  et  al ?  and  Nordstrom  et  al?  For 
atomic  positions,  lattice  constant  a ,  and  da  ratio,  the  experi¬ 
mental  data  were  used.  The  5,  p ,  d ,  and  /  bases  were  used 
for  both  Y  and  Co.  The  ratio  of  the  atomic  sphere  radius  was 
chosen  as  rYlrCo=  1.3 2.  In  set  (2),  we  used  the  following 
parameters.  For  atomic  positions  and  cfa  ratio,  the  experi¬ 
mental  data  were  used.  The  bases  we  used  consist  of  s,p,d, 
and  /  for  Y,  and  of  s,  p ,  and  d  for  Co.  The  ratio  of  the  atomic 
sphere  radius  was  chosen  as  rYlrCo=  1.35  so  that  acal  and  the 
spin  magnetic  moments  agreed  well  with  the  experimental 
data.  We  obtained  acal  (4.84  A),  which  is  only  2%  smaller 
than  aexp  (4.94  A).  The  number  of  k  points  we  used  in  the 
irreducible  Brillouin  zone  (IBZ)  was  225  in  both  sets. 

Using  the  self-consistent  potential,  the  full  Hamiltonian 
including  only  SO  or  both  SO  and  OP  was  diagonalized  to 
obtain  an  energy  eigenvalue  6f(n,k),  where  i  was  the  elec¬ 
tronic  states,  n  the  direction  of  quantum  axis  (magnetization 
direction).  According  to  the  force  theorem ,n  the  total  energy 
difference  between  the  two  directions  of  the  quantum  axis  is 
given  by  the  difference  between  the  sum  of  the  calculated 
energy  eigenvalues  of  the  occupied  states  as  follows: 
Ea  =  E e/  [ 000 1  ] ,  k)  -  X  e/  [  1 000] ,  k) ,  where  [0001]  de¬ 
notes  the  direction  of  the  c  axis  while  [1000]  denotes  the 
direction  within  the  ab  plane.  The  summation  on  i  and  k  was 
carried  out  by  means  of  the  tetrahedron  method.  Further¬ 
more,  the  occupation  number  of  the  valence  electrons  was 
treated  as  a  variable.  Thus,  3d-MAE  was  calculated  as  a 
function  of  bandfilling  #:Ea(#).  The  calculated  spin  and  or¬ 
bital  magnetic  moments  in  the  case  of  [0001]  are  shown  in 
Table  I. 

In  the  case  of  the  [0001]  quantum  axis,  the  number  of 
sampling  k  points  in  IBZ,  on  which  the  e/[0001],k)’s  were 
calculated,  were  225.  The  size  of  the  irreducible  part  of  BZ 
in  the  case  of  the  [1000]  quantum  axis  is  three  times  larger 
than  IBZ  in  the  case  of  [0001].  The  variation  among  the 
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TABLE  I.  The  calculated  and  experimental  magnetic  moments  ( /nB ).  The  S 
shows  the  spin  magnetic  moment,  while  the  L  shows  the  orbital  one. 


$Co(2c,3g) 

£Co(2c,3£) 

(1)  SO 

1.36,1.54 

0.12,0.12 

(1)  SO+OP 

1.36,1.54 

0.24,0.25 

(2)  SO 

1.31,1.51 

0.10,0.10 

(2)  SO+OP 

1.31,1.51 

0.19,0.20 

Expt.a 

1.31,1.44 

0.46,0.28 

Reference  12. 


calculated  Ea(#)’s  using  three  sets  of  112,  225,  and  396  k 
points  on  a  rough  bandfilling  mesh  (0.5  electrons)  were 
within  the  range  of  0.05  meV/Co. 

The  calculated  Ea(#)’s  of  YCo5  in  four  cases  are  shown 
in  Fig.  1(a).  From  the  left-hand  side,  the  four  numbers  of 
bandfilling  q  correspond  to  the  numbers  of  valence  electrons 
in  a  unit  cell  of  Mn,  Fe,  Co,  and  Ni  compounds,  respectively. 

Only  in  the  case  of  (l)SO+OP,  the  value  of  Ea(#)  at  the 
Fermi  level  (q=  48)  agrees  well  with  the  experimental  data. 
As  can  be  seen  from  Table  I,  the  calculated  orbital  magnetic 
moments  in  the  case  of  (l)SO+OP  agree  with  experimental 
data  better  than  the  other  results.  These  results  are  similar  to 
those  of  Daalderop  et  al.s  and  Nordstrom  et  al?  However, 
we  mentioned  that  the  aca]  could  not  be  determined  in  set  (1). 
In  set  (2),  we  did  not  use  an  /-basis  for  Co  and  were  able  to 
obtain  the  acal  as  stated  above.  In  the  cases  of  both  (2)SO  and 
(2)SO+OP,  however,  the  Ea (#)  does  not  agree  with  the  ex¬ 
perimental  data  at  the  Fermi  level.  In  addition,  the  values  of 
Ea (#)  at  the  Fermi  level  for  (2)SO+OP  are  greatly  different 
from  that  for  (l)SO  +  OP. 

The  calculated  3d-MAEs  at  the  Fermi  level  depend 
greatly  on  the  calculation  parameters.  However,  the  overall 
features  of  the  four  Ea(#)’s  are  similar  with  one  another.  All 
Ea(#)’s  have  very  large  peaks  at  #=46-47,  which  are  com- 
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FIG.  1.  (a)  The  calculated  3d-MAE  as  a  function  of  bandfilling  q:Ea(q) 
(meV/Co).  The  vertical  line  shows  the  actual  Fermi  level.  The  horizontal 
dot-dashed  line  shows  the  experimental  data,  (b)  The  calculated  anisotropy 
of  orbital  magnetic  moments  of  the  down-spin  band  minus  that  of  the  up- 
spin  band  as  a  function  of  bandfilling  ^:La[down](^)-La[up](^)  (julb/Co). 
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FIG.  2.  The  density  of  states  of  the  3  d  band  projected  to  the  m  states. 


parable  to  experimental  data.  This  feature  can  be  seen  in  the 
anisotropy  of  orbital  magnetic  moments  calculated  in  the 
case  of  (2)SO,  as  can  be  seen  from  Fig.  1(b).  We  can  see  that 
this  feature  is  mainly  due  to  the  Co(2 c). 

To  investigate  the  behavior  of  Ea(#),  we  show  the  den¬ 
sity  of  states  of  the  3d  band  projected  to  the  states  of  the 
magnetic  quantum  number  m  —  ±  2,  ±1,  0.  Those  density  of 
states  (DOS)  were  calculated  in  the  case  of  (2)SO.  We  found 
that  the  DOS  of  Co(2 c)  has  a  large  anisotropy,  which  is 
shown  in  Figs.  2 (a) -2(f).  This  situation  cannot  be  found  in 
the  case  of  Co(3g).  In  Figs.  2(a)-2(c)  the  quantum  axis  lies 
in  the  [0001]  (c-axis)  direction,  while  in  Figs.  2(d)-2(f)  they 
lie  in  the  [1000]  {ab- plane)  direction.  Seeing  the  DOS  in 
Figs.  2(a)-(c),  we  notice  that  the  shape  of  the  DOS  greatly 
depends  on  \m\.  The  very  large  peaks  are  found  near  the 
upper  edge  of  the  3d .  band  in  the  ±2  states  in  Fig.  2(a). 
Similar  peaks  are  also  found  in  the  ±1,0  states  for  [1000] 
quantum  axis  in  Figs.  2(e)  and  2(f).  Those  large  peaks  near 
the  upper  edge  of  the  3 d  band  for  Co(2c)  indicate  that  there 
are  many  electronic  states  that  do  not  contribute  to  covalent 
bonding.  In  the  [0001]  quantum  axis,  the  m  =  ±2  states  of  the 
3d  band  extended  in  the  ab  plane.  While  in  the  [1000]  quan¬ 
tum  axis,  the  states  extending  in  the  ab  plane  are  mainly 
expressed  by  the  m= 0,  ±1  state.  The  Co(2 c)  atom  is  sur¬ 
rounded  by  Co(2c)  atoms  and  Y  atoms  in  the  ab  plane, 
which  can  be  seen  in  Fig.  3.  Therefore,  the  large  peaks  in  the 
DOS  of  Co(2 c)  indicate  that  Co(2 c)  has  a  weak  bonding 
with  the  surrounding  Y  and  Co(2c)  atoms  within  the  same 
ab  plane.  This  can  be  understood  from  the  fact  that  the 
Co(2c) — Co(2c)  [Co(2 c) — Y)  bonding  distance  in  the  ab 
plane  is  much  longer  than  the  other  bonding  distances. 
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The  calculated  coefficients  of  the  SO  interaction  of  Co 
are  77.0,  75.0,  77.1,  and  74.8  meV  for  fj(2c),  fi(2 c), 
£|(3g),  and  ^(3g),  respectively.  As  can  be  seen  from  Figs. 
2(a),  2(b),  2(d),  and  2(e),  this  interaction  splits  the  ±m(m 
=  2,1)  states  of  the  3  d  band.  Because  of  the  large  difference 
in  the  shape  of  DOS  near  the  Fermi  level  between  the  two 
quantum  axes,  the  large  3<7-MAE  and  anisotropy  of  the  or¬ 
bital  magnetic  moments  are  expected  to  be  induced. 

In  conclusion,  we  showed  qualitatively  the  relation  be¬ 
tween  the  experimental  large  c-axial  3d-MAE  and  the  weak 
bonding  around  Co(2c)  within  the  ab  plane  through  the 
shape  of  the  DOS  of  the  3d  band  in  Co(2c). 
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Ba  hexaferrite  samples  having  average  particle  sizes  in  the  range  from  the  tens  up  to  the  thousands 
of  nm  have  been  prepared  by  using  conventional  ceramic  techniques  and  the  exothermic  reaction 
between  Ba  and  Fe  nitrates  and  oxalic  dihydrized  acid.  The  magnetic  characterization  of  these 
samples  included  the  measurement  of  the  temperature  dependence  of  the  high  field  magnetization, 
the  coercive  force,  and  the  evaluation,  from  thermally  activated  demagnetization  measurements,  of 
the  activation  volume  at  different  temperatures.  From  the  results  of  this  characterization  it  was 
possible  to  reach  conclusions  about  the  occurrence  of  remarkable  differences  between  the  average 
particle  size  dependence  of  the  coercive  force  and  that  corresponding  to  the  activation  volume: 
whereas  the  coercive  force  value  increased  monotonically  with  the  decrease  of  the  particle  size,  an 
activation  volume  minimum  was  observed  for  particle  diameters  of  the  order  of  hundreds  of  nm.  We 
suggest  that  this  minimum  reflects  a  change  of  the  mechanism  ruling  the  magnetization  reversal  of 
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I.  INTRODUCTION 

The  existence  in  ordered  magnetic  materials  of 
remanence-type  states  (in  which  the  global  magnetization  is 
essentially  antiparallel  to  the  applied  demagnetizing  field)  is 
a  direct  consequence  of  the  high  energy  of  the  states  the 
system  should  traverse  when  globally  reversing  its  magneti¬ 
zation.  This  “energy  barrier,”  having  a  complex  structure 
due  to  both  the  coupling  of  the  local  magnetic  moments  with 
the  microstructure1  and  to  the  many  degrees  of  freedom  of 
the  system,2  is  then  of  the  origin  of  the  coercivity  (field  in¬ 
duced  reversal)  and  of  the  magnetic  viscosity  (thermally  ac¬ 
tivated  reversal).  Our  aim  in  the  present  work  is  to  discuss 
the  relationship  between  coercivity,  magnetic  viscosity,  and 
particle  size  in  Ba  hexaferrite  samples  covering  three  orders 
of  magnitude  in  particle  dimensions. 

II.  PREPARATION  OF  SAMPLES  AND  EXPERIMENTAL 
TECHNIQUES  USED 

In  order  to  cover  a  wide  range  of  particle  dimensions  our 
samples  were  prepared  by  means  of  two  different  proce¬ 
dures.  The  largest  particles  were  obtained  through  a  ceramic 
technique  consisting  of  the  firing  during  12  h  in  air  at  1623  K 
of  a  stoichiometric  mixture  of  BaC03  and  a-Fe203.  The  cor¬ 
responding  product  was  ball  milled  for  different  times  in  the 
range  from  600  to  5400  min.  The  second  preparation 
method,  allowing  one  to  obtain  small  particles,  was  based  on 
the  exothermic  redox  reaction  of  the  Ba  and  Fe  nitrates  with 
the  dihydrized  oxalic  acid.  In  this  case,  the  reaction  product 
was  heat  treated  in  air  during  10  h  at  different  temperatures 
in  the  range  from  973  to  1123  K.  This  treatment  allowed  us 
to  control  the  final  particle  size  and  to  improve  the  crystal¬ 
linity  of  the  samples.  In  this  paper  we  will  name  the  samples 
obtained  via  the  ceramic  method  (CE  series)  and  milled  for 
5400,  1800,  and  600  min  as  CE-3,  CE-8,  and  CE-18,  respec¬ 
tively,  and  those  prepared  through  the  exothermic  reaction 
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(CA  series)  and  treated  at  973  and  1123  K  as  CA-0  and 
CA-1,  respectively.  The  phase  distribution  of  the  samples 
was  examined  by  means  of  x-ray  diffraction  (Cu  Ka).  Trans¬ 
mission  and  scanning  electron  microscopies  were  used  in 
order  to  obtain  information  about  the  morphological  charac¬ 
teristics  of  the  particles  forming  the  samples.  The  magnetic 
properties  study  was  carried  out  by  measuring  pressed  pow¬ 
der  samples  on  a  superconducting  quantum  interference  de¬ 
vice  magnetometer. 

III.  RESULTS 

In  Fig.  1  we  show  two  typical  diffractograms  obtained  in 
samples  of  both  series.  In  the  case  of  the  CE  samples  the 
diffraction  patterns  evidenced  the  presence  of  traces  of 
a-Fe203  and  BaO.  No  secondary  phase  reflections  were  de¬ 
tected  in  the  case  of  the  CA  samples.  As  a  general  feature  the 
widths  of  the  main  Ba  hexaferrite  reflections  were  smaller  in 
the  CA  samples  than  in  the  CE  ones,  indicating  that  the  mill¬ 
ing  process  resulted  in  the  introduction  of  a  large  amount  of 
residual  stresses.  The  morphology  and  particle  size  of  the 
samples  is  illustrated  in  Figs.  2  and  3  where  micrographs 
corresponding  to  the  CA-1  and  CE-18  samples  are  presented. 


FIG.  1.  X-ray  diffraction  patterns  recorded  in  the  CA-0  and  CE-3  samples. 
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FIG.  2.  Transmission  electron  micrograph  (bright  field)  showing  particles  of 
the  CA-1  sample. 

Both  kinds  of  samples  were  formed  by  platelike  particles 
with  more  or  less  rounded  comers:  The  particles  appeared  to 
be  packed  at  random  although  in  some  cases  (see  Fig.  2) 
chainlike  structures  as  well  as  ringlike  ones,  evidencing  in¬ 
terparticle  dipolar  coupling,  were  observed.  From  the  micro¬ 
graphs,  the  average  plate  diameter  was  estimated  to  be  65 
±20,  150±50,  300±95,  800±120,  and  1800±250  nm  for 
the  CA-0,  CA-1,  CE-3,  CE-8,  and  CE-18  samples,  respec¬ 
tively.  It  is  interesting  to  note  that  the  single-domain  critical 
size  of  Ba  hexaferrite  particles  has  been  estimated  to  be  900 
nm.3  The  particle  size  dependence  of  the  specific  magnetiza¬ 
tion  of  the  samples  measured  under  an  applied  field  of  5  T  is 
plotted  in  Fig.  4.  The  values  obtained  in  the  CA-1  and  CE-18 
samples  are  close  to  the  saturation  value  measured  in  Ba 
hexaferrite  single  crystals  (68  Am2  kg”1).3  The  differences 
with  this  value  observed  in  the  CA-0,  CE-3,  and  CE-8 
samples  are  related  to  incomplete  saturation  (linked  to  de¬ 
fects  and  residual  stresses)  and/or  to  the  presence  of  second¬ 
ary  nonmagnetic  phases.  The  hysteresis  loops  of  all  the  mea¬ 
sured  samples  evidenced  the  occurrence  of  some  degree  of 
reversible  demagnetization.  To  take  this  fact  into  account  we 
measured,  in  addition  to  the  conventional  coercive  force,  Hc , 
the  so-called  critical  field,  //crit,  defined  as  that  for  which  the 


FIG.  3.  Scanning  electron  micrograph  showing  particles  of  the  CE-18 
sample. 


FIG.  4.  Particle  size  dependence  of  the  5  T  specific  magnetization  of  our 
samples. 

maximum  of  the  differential  susceptibility  measured  along 
the  demagnetizing  branch  of  the  loop  was  observed  and  giv¬ 
ing  specific  information  about  the  irreversible  demagnetiza¬ 
tion  processes1  ( Hc  and  Hcrit  should  coincide  in  a  highly 
textured  sample).  As  is  shown  in  Fig.  5,  where  we  present 
the  room  temperature  dependence  of  Hc  and  Hcrit  on  the 
particle  size,  both  quantities  (as  well  as  their  difference)  in¬ 
creased  with  a  decrease  of  the  particle  dimensions.  As  shown 
in  Fig.  6,  where  we  present  the  temperature  dependence  of 
the  critical  field  of  all  the  samples,  this  particle  size  depen¬ 
dence  of  the  coercivity  was  observed  for  all  the  temperatures 
in  the  studied  range  (the  weak  temperature  dependence  of  the 
critical  field  should  be  linked  to  that  of  the  anisotropy  field, 
showing  a  shallow  minimum  at  100  K).4 

The  study  of  the  magnetic  viscosity  was  carried  out,  at 
temperatures  in  the  range  from  4.2  to  300  K,  by  saturating 
the  samples  under  a  field  of  5  T  and  then  applying  demag¬ 
netizing  fields  (of  the  order  of  Hcrit)  which  were  kept  con¬ 
stant  for  2000  s.  During  this  time  the  magnetization  of  the 
samples  was  continuously  recorded.  In  all  cases,  we  ob¬ 
served  a  linear  dependence  of  the  magnetization  on  the  loga¬ 
rithm  of  the  time  [M(t)  =constant-S  In  t]  in  the  range  from 
200  to  2000  s.  The  evaluation  of  the  viscosity  parameters,5 
i.e.,  the  magnetic  viscosity  Sv  (Sv  =  S/xmi  where  Xm  *s  tlie 
irreversible  susceptibility)  and  the  activation  volume  uac 
(i uac-kBT/fi0MsSv ),  was  carried  out  following  a  method 
compatible  with  the  magnetic  equation  of  state  discussed  in 
Ref.  5.  Figure  7  presents  the  temperature  dependence  of  uac 
in  all  our  samples.  The  inset  of  Fig.  7  presents  the  particle 
size  dependence,  evaluated  at  200  K,  of  the  diameter,  dac , 
corresponding  to  the  activation  volume  (assumed  to  be 


FIG.  5.  Particle  size  dependence  at  295  K  of  Hc  and  #crit 
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FIG.  6.  Temperature  dependence  of  Hcr[i  in  all  the  samples. 


spherical).  Interestingly,  that  dependence  is  characterized  by 
the  occurrence  of  a  minimum  at  particle  sizes  of  the  order  of 
the  hundreds  of  nm. 

IV.  DISCUSSION 

We  attribute  the  observed  difference  between  the  Hc  and 
the  tfcrit  values  to  the  isotropic  character  of  the  samples  (the 
reduced  remanence  of  all  them  was  slightly  above  the  0.5 
value  corresponding  to  isotropic  systems);6  the  widening,  as¬ 
sociated  with  the  reduction  of  the  particle  size,  of  the  distri¬ 
bution  of  local  reversal  fields  and  the  occurrence  of  some 
degree  of  collective  demagnetization  (which,  according  to 
the  similar  values  of  Hc  and  Hcrh  should  be  particularly  rel¬ 
evant  in  the  case  of  the  CE-18  sample).  The  measured  par¬ 
ticle  size  dependence  is  incompatible  with  a  magnetization 
reversal  ruled  by  coherent  rotation.  Two  other  reversal 
mechanisms  can  be  consistent  with  that  dependence  (there  is 
no  microstructural  evidence  of  the  occurrence  of  effective 
pinning  centers  in  Ba  hexaferrite  samples):  (1)  nucleation 
(coercivity  ruled  by  the  energy  required  to  originate  the  first 
departure  from  saturation;7  this  mechanism  is  conceivable  in 


FIG.  7.  Temperature  dependence  of  the  activation  volume  measured  in  all 
the  samples.  Inset:  particle  size  dependence,  at  200  K,  of  the  diameter  (dac) 
corresponding  to  a  spherical  activation  volume  of  the  measured  magnitude. 


both  the  small  and  the  large  particles)  and  (2)  propagation 
(coercivity  ruled  by  the  energy  associated  with  the  achieve¬ 
ment  of  the  conditions  of  steady  propagation  of  a  preexistent 
wall  limiting  a  reversed  nucleus,1  a  mechanism  which  due  to 
the  relative  dimension  of  domain  walls  and  particles  is  solely 
conceivable  with  large  particles).  For  these  two  mechanisms 
the  increase  of  coercivity  associated  with  the  particle  size 
decrease  will  be  linked  to  the  decrease  of  the  number  of 
defects  per  particle  (these  defects  located  at  the  surface  re¬ 
gion  could  allow  a  reduction  of  the  field  required  to  form  a 
reversed  magnetization  nucleus  or  to  propagate  a  wall). 

The  activation  volume  gives  a  measure  of  the  size  of  the 
region  of  the  samples  which  is  involved  in  thermally  acti¬ 
vated  demagnetization.  It  can  be  identified  with  the  volume 
of  the  magnetization  inhomogeneity  leading  to  the  reversal 
(nucleation  mechanism)  and  with  the  reversed  area  existing 
prior  to  wall  propagation.1  In  this  sense  it  is  interesting  to 
remark  that  the  activation  volume  measured  in  all  our 
samples  was  clearly  lower  than  the  average  volume  of  the 
particles  and  that,  despite  the  fact  that  the  volume  of  the 
CE-18  particles  was  three  orders  of  magnitude  larger  than 
that  of  the  CA-0  ones,  the  corresponding  activation  volumes 
differed  by  a  factor  of  less  than  4.  As  was  already  mentioned, 
a  minimum  was  observed  in  the  particle  size  dependence  of 
the  transverse  dimension  of  the  activation  volume  and,  con¬ 
cretely,  our  estimation  of  that  quantity  in  the  CA-1  (single¬ 
domain  type)  and  CE-3  (mixture  of  single-domain  and  mul¬ 
tidomain  particles)  samples,  yielded  very  similar  values, 
despite  the  fact  that  these  two  samples  were  prepared  using 
different  methods.  Considering  this  and  the  differences  ob¬ 
served  in  the  critical  field  values  of  the  CA  and  CE  samples, 
we  propose  the  occurrence  of  different  demagnetization 
mechanisms  in  both  kinds  of  samples.  In  agreement  with  the 
coercivity  analysis  presented  by  the  authors,8  where  the  tem¬ 
perature  dependence  of  the  critical  field  of  the  CE  samples 
was  analyzed,  we  propose  wall  propagation  as  the  basic  re¬ 
versal  mechanism  of  the  larger  (CE)  particles  and  suggest  the 
occurrence  of  a  nucleation  ruled  process  in  the  smaller  (CA) 
samples. 
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Rare  earth-cobalt  (RCo,  R=Sm,  Pr)  films  with  thicknesses  from  30  to  700  nm  have  been  prepared 
with  and  without  a  Cr  underlayer  by  dc  magnetron  sputtering  from  a  R2Co7  composite  target.  The 
as-deposited  SmCo  films  with  a  Cr  underlayer  (SmCo||Cr)  have  magnetic  coercivities  of  about 
500-2800  Oe  and  the  PrCo||Cr  films  have  coercivities  of  about  100-300  Oe,  but  after  annealing  at 
500  °C  coercivities  as  high  as  31  kOe  for  SmCo||Cr  films  and  10  kOe  for  PrCo||Cr  films  were 
observed.  The  as-deposited  PrCo  films  are  composed  mostly  of  an  amorphous  phase  with  about  30 
vol  %  of  crystallites  but  after  annealing  at  500  °C  the  film  is  transformed  completely  to  crystallites 
of  about  10  nm  diameter  as  revealed  by  high-resolution  transmission  electron  microscopy 
(HRTEM).  Nanodiffraction  and  HRTEM  studies  show  that  the  crystallites  have  a  closed-packed 
hexagonal  structure.  HRTEM  study  also  shows  that  the  annealed  SmCo  films  with  a  Cr  underlayer 
have  grain  sizes  of  about  20  nm  and  the  SmCo  films  without  the  Cr  underlayer  have  grain  sizes  of 
about  10  nm.  The  large  increase  in  coercivity  for  the  annealed  films  is  due  to  the  growth  of  the 
crystallites.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)33808-l] 


INTRODUCTION 

Thin  films  of  hard  magnetic  materials  such  as  rare 
earth-transition  metal  alloys  are  of  interest  for  device  appli¬ 
cations  and  magnetic  recording  media.  Among  rare  earth 
semi-hard  magnetic  films,  SmCo  films  with  a  Cr  underlayer 
prepared  at  room  temperature  with  high  magnetic  coercivity 
(. Hc )  of  3-4  kOe,  small  grain  size  and  high  uniaxial  anisot¬ 
ropy  have  shown  good  potential  for  high  density  recording 
media.1-3  Velu  et  al4  have  shown  that  SmCo4  films  on  a  Cr 
underlayer  have  a  coercivity  value  of  3  kOe  at  room  tem¬ 
perature.  Recently,  Okumura  et  al.5  reported  Hc  of  about  3.5 
kOe  for  Sm15Co85||Cr  films.  Liu  et  al6~ 8  reported  systematic 
studies  of  the  micro  structure  of  SmCo||Cr  films  including  the 
Cr  underlayer,  SmCo  layer,  and  the  nanocrystallites  in  the 
SmCo  layer.  The  dependence  of  Hc  on  the  SmCo 
composition1-3  is  unclear  but  it  has  been  shown  that  the  Hc 
strongly  depends  on  the  sputtering  condition  such  as  sub¬ 
strate  temperature  and  Ar  pressure  during  deposition  of  Cr 
and  SmCo.  This  dependence  may  be  related  to  the  micro¬ 
structure  of  the  films.  The  Cr  underlayer  helps  to  increase  the 
coercivity  by  controlling  the  grain  size  and  morphology  of 
the  SmCo  layer  and  also  improves  the  in-plane  magnetiza¬ 
tion.  Hence  if  crystallinity  and  grain  growth  is  promoted  in 
the  SmCo  layer  a  much  higher  value  of  coercivity  can  be 
obtained.  This  can  be  achieved  by  either  depositing  the  film 
at  high  substrate  temperature  or  by  post-annealing  the  as- 
deposited  films.  A  coercivity  of  30  kOe  was  obtained  for 
4000-A-thick  Co365CuL3)5Sm  films  prepared  at  substrate 
temperature  of  600  °C  by  Theurer  et  al.9  Cadieu  et  al.10  have 
shown  that  SmCo5  films  directly  crystallized  on  to  a  heated 
substrate  have  Hc  of  about  23  kOe.  The  reason  for  this  high 
coercivity  was  associated  with  the  high  magnetic  anisotropy 
and  the  fine  grain  structure. 


In  the  rare  earth-cobalt  system  the  low  Co  phase  adja¬ 
cent  to  SmCo5  is  in  general  of  the  Sm2Co7  type  which  has 
reasonably  high  anisotropy  field  7/A>200  kOe.11  The  PrCo 
compounds  also  feature  excellent  intrinsic  magnetic  proper¬ 
ties  comparable  to  the  SmCo  compounds.  The  Pr2Co7  phase 
has  Ha>  100  kOe11  and  the  Pr5Co19  phase  has  HA> 38 
kOe.12  In  this  work  we  report  the  effect  of  post- annealing  for 
Pr2Co7  and  Sm2Co7  films  with  and  without  the  Cr  under¬ 
layer. 


EXPERIMENTAL  PROCEDURE 

R2Co7  (R=Sm,  Pr)  films  with  thickness  from  30  to  700 
nm  were  prepared  with  and  without  a  Cr  underlayer  by  dc 
magnetron  sputtering  from  a  composite  target.  All  the  films 
have  a  Cr  overlayer  of  10  nm  to  protect  the  RCo  layer.  The 
Sm2Co7  target  was  made  by  pressing  the  Sm2Co7  powder 
and  then  sintering  in  vacuum  at  1100  °C  for  30  min  and  the 
Pr2Co7  target  was  made  by  pressing  the  Pr2Co7  powder  and 
then  sintering  in  vacuum  for  30  min  at  1050  °C.  The  Cr 
target  was  obtained  commercially  and  had  a  99.9%  purity. 
The  base  pressure  of  the  sputtering  system  was  5X 10-8  Torr 
and  the  Ar  pressure  during  sputtering  was  20  mTorr.  The 
sputtering  rate  for  Pr2Co7  and  Sm2Co7  was  1.1  A/s  and  for 
Cr  was  5  A/s. 

The  magnetic  properties  of  the  films  were  measured  with 
an  alternating  gradient  force  magnetometer  (AGFM)  and 
SQUID  magnetometer.  The  composition  of  the  films  was 
analyzed  by  energy  dispersive  x-ray  analysis  (EDAX)  and 
was  found  to  be  close  to  the  target  composition.  The  struc¬ 
ture  was  studied  by  x-ray  diffraction  and  high  resolution 
electron  microscopy  (HRTEM). 
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FIG.  1.  Coercivity  vs  PrCo  layer  thickness  for  the  as-deposited  and  annealed 
at  500  °C  PrCo||Cr  films  with  a  Cr  underlayer  of  80  nm. 

RESULTS  AND  DISCUSSION 

We  first  discuss  the  magnetic  and  structural  properties 
for  the  as-deposited  and  annealed  PrCo  films.  Figure  1  shows 
the  dependence  of  the  coercivity  on  the  PrCo  layer  thickness 
for  the  PrCo||Cr  films  with  a  Cr  underlayer  of  80  nm.  The 
as-deposited  films  show  a  coercivity  of  only  about  100-300 
Oe  but  after  annealing  at  500  °C  in  vacuum  for  20  min  there 
is  a  large  enhancement  of  coercivity.  The  Hc  of  the  films 
annealed  at  500  °C  decreases  from  about  10  to  5.9  kOe  as  the 
film  thickness  increases  from  28  to  640  nm.  It  was  also  ob¬ 
served  for  the  28-nm-thick  PrCo||Cr  film  that  upon  annealing 
up  to  350  °C,  Hc  was  nearly  unchanged  but  at  400  °C  Hc 
increased  drastically  to  about  7.7  kOe13  and  at  500  °C  the  Hc 
reached  about  10  kOe.  A  bright-held  TEM  micrograph  of  the 
28-nm-thick  PrCo[|Cr  him  annealed  at  500  °C  is  shown  in 
Fig.  2.  The  as-deposited  hlms  are  composed  of  a  mostly 
amorphous  PrCo  layer  with  about  30%  volume  fraction  of 
crystallites  and  have  small  coercivity  values  because  of  the 
mostly  amorphous  PrCo  layer.  The  him  annealed  at  500  °C 
shown  in  Fig.  2(a)  contains  nearly  100%  crystallites  with  a 
grain  size  of  10  nm  resulting  in  the  large  increase  in  the 
coercivity.  The  x-ray  diffraction  pattern  of  the  as-deposited 
420-nm- thick  PrCo  him  only  shows  the  (110)  diffraction 
peak  of  bcc  Cr  and  no  PrCo  peaks  are  observed  for  the  hlms 
with  and  without  the  Cr  underlayer.  This  is  due  to  the  large 
amount  of  amorphous  phase  and  small  crystallites  in  the 
PrCo  hlms.  After  annealing  at  500  °C  the  PrCo  layer  is  crys¬ 
tallized  and  we  observe  a  few  sets  of  peaks  from  the  x-ray 
diffraction  pattern.  The  two  most  intense  reflections  are  ob¬ 
served  for  20=35.5°  and  20=42°.  It  is  difficult  to  identify 
the  crystal  structure  unambiguously  from  the  x-ray  diffrac¬ 
tion  pattern  because  of  the  limited  number  of  peaks  and  the 
several  possible  phases  around  the  Pr/Co  atomic  ratio  of  3.5, 
these  include  the  PrCo3,  Pr2Co7  and  Pr5Co19  phases.  The 
detailed  crystal  structure  of  the  annealed  28-nm-thick 
PrCo||Cr  him  was  then  investigated  by  nanodiffraction  and 
HRTEM.  It  was  found  that  the  crystallites  as  shown  in  Fig. 
2(b)  have  a  hexagonal  closed  packed  structure  with  frequent 
stacking  faults.  The  nanodiffraction  pattern  can  be  well 
matched  to  the  hexagonal  closed  packed  structure. 

In  order  to  investigate  whether  the  Cr  underlayer  was 
crucial  for  the  enhancement  of  coercivity  after  annealing  we 
compared  the  magnetic  properties  of  a  420-nm-thick  PrCo 
him  with  and  without  a  Cr  underlayer.  It  was  observed  that 
for  the  420-nm-thick  PrCo  him  with  no  Cr  underlayer  but 


FIG.  2.  (a)  HRTEM  image  of  Cr(80  nm)/PrCo(28  nm)/Cr(10  nm)  film  an¬ 
nealed  at  500  °C.  (b)  HRTEM  image  of  a  crystallite  in  (a). 

with  a  Cr  overlayer  of  10  nm  the  Hc  was  about  9  kOe  and 
Ms^ 400  emu/cc  after  annealing  at  500  °C  whereas  for  the 
420-nm-thick  PrCo  him  with  a  Cr  underlayer  of  80  nm  and  a 
Cr  overlayer  of  10  nm  the  Hc  was  about  7.5  kOe  and 
M5^300  emu/cc  after  annealing  at  500  °C.  Both  the  samples 
have  squareness  S(MrfMs)~  0.8,  but  the  coercivity  square¬ 
ness  5*  for  the  him  with  the  Cr  underlayer  was  0.7  and  for 
the  him  without  the  Cr  underlayer  the  S*  was  about  0.35. 
Hence  we  show  that  if  crystallinity  and  grain  growth  are 
promoted  a  large  increase  in  coercivity  can  be  obtained  for 
the  PrCo  hlms  with  and  without  the  Cr  underlayer,  except 
that  the  hlms  with  a  Cr  underlayer  have  a  better  hysteresis 
loop  squareness. 

Next  we  report  the  magnetic  properties  of  the  as- 
deposited  and  annealed  SmCo  hlms  with  and  without  the  Cr 
underlayer.  Figure  3  shows  the  dependence  of  the  coercivity 
on  the  SmCo  layer  thickness  for  the  SmCo||Cr  hlms  with  and 
without  the  Cr  underlayer.  The  as-deposited  hlms  show  Hc 
of  about  500-2800  Oe  but  after  annealing  at  500  °C  for  20 
min  in  vacuum  there  is  a  large  increase  in  coercivity.  The 
coercivity  of  the  hlms  with  the  Cr  underlayer  of  80  nm  and  a 
Cr  overlayer  of  10  nm  annealed  at  500  °C  varies  from  21  to 
29  kOe  with  the  maximum  coercivity  value  obtained  for  100- 
nm-thick  SmCo  him.  The  Hc  of  the  SmCo  him  without  the 


FIG.  3.  Coercivity  vs  SmCo  layer  thickness  for  the  as-deposited  and  an¬ 
nealed  at  500  °C  SmCo  films  with  and  without  a  Cr  underlayer. 
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FIG.  4.  Hysteresis  loop  for  the  100-nm-thick  SmCo  film  with  a  Cr  under¬ 
layer  of  20  nm  annealed  at  500  °C. 

Cr  underlayer  but  with  a  Cr  overlayer  of  10  nm  after  anneal¬ 
ing  at  500  °C  shows  a  large  increase  in  coercivity  only  for 
SmCo  films  with  thickness  of  at  least  100  nm  and  above.  A 
maximum  Hc  value  of  29  kOe  is  obtained  for  300-nm-thick 
SmCo  film.  For  films  without  the  Cr  underlayer  and  SmCo 
layer  thickness  less  than  100  nm  the  reason  for  no  remark¬ 
able  increase  in  coercivity  after  annealing  is  not  clear  at  this 
point.  This  behavior  is  also  observed  for  the  PrCo  film  with 
thicknesses  less  than  100  nm  and  no  Cr  underlayer.  The  Ms 
of  the  as-deposited  SmCo  films  is  about  400  emu/cc  and 
after  annealing  at  500  °C  the  Ms  value  for  the  films  with  the 
Cr  underlayer  of  80  nm  is  about  200  emu/cc  and  for  the  films 
without  the  Cr  underlayer  the  Ms  is  about  300  emu/cc.  For 
the  SmCo  films  with  a  Cr  underlayer  thickness  less  than  80 
nm  there  is  not  a  significant  change  in  the  coercivity  but  the 
Ms  value  of  the  films  is  slightly  higher  compared  to  the  films 
with  a  Cr  underlayer  of  80  nm.  For  the  100-nm-thick  SmCo 
film  with  a  Cr  underlayer  of  only  20  nm  the  Ms  was  about 
250  emu/cc  and  the  Hc  was  about  31  kOe  after  annealing  at 
500  °C.  The  hysteresis  loop  for  the  annealed  100-nm-thick 
SmCo  film  with  a  Cr  underlayer  of  20  nm  measured  with  a 
maximum  applied  field  of  55  kOe  parallel  to  the  film  surface 
is  shown  in  Fig.  4.  The  film  shows  a  coercivity  of  31  kOe. 

Liu  et  al6  have  observed  that  for  the  as-deposited  films 
the  Cr  underlayer  has  grain  size  of  about  24  nm  and  the 
SmCo  layer  consist  of  nanocrystallites  about  5  nm  diameter 
embedded  in  an  amoiphous  matrix.  Figure  5  compares  the 
dark  field  images  taken  from  the  SmCo  films  with  and  with¬ 
out  a  Cr  underlayer.  The  film  with  the  Cr  underlayer  has 
grain  sizes  of  about  20  nm  while  the  film  without  the  Cr 
underlayer  has  grains  sizes  of  about  10  nm.  Nanodiffraction 
and  HRTEM  study  to  determine  the  crystal  structure  of  the 
annealed  films  is  in  progress.  The  reason  for  the  large  en¬ 
hancement  in  coercivity  after  annealing  is  very  likely  due  to 
the  crystallization  of  the  SmCo  grains. 

CONCLUSION 

In  this  work  we  have  shown  that  28-nm-thick  PrCo  films 
with  a  Cr  underlayer  of  80  nm  after  annealing  at  500  °C  have 
in-plane  coercivity  as  high  as  10  kOe,  5  =  0.9  and  5*  =  0.75. 
The  PrCo||Cr  films  have  magnetic  properties  and  microstruc¬ 
ture  which  show  potential  as  high  density  recording  media. 
Nanodiffraction  and  HRTEM  studies  show  that  the  crystal¬ 
lites  in  the  annealed  film  have  a  hexagonal  closed  packed 


FIG.  5.  Comparison  of  dark  field  images  taken  from  a  SmCo  films  (a)  with 
the  Cr  underlayer  and  (b)  without  the  Cr  underlayer. 

structure  with  frequent  stacking  faults.  The  enhancement  of 
Hc  after  annealing  is  likely  due  to  the  crystallization  of  the 
PrCo  grain. 

After  annealing  at  500  °C  Hc  as  high  as  31  kOe  was 
obtained  for  100-nm-thick  SmCo  film  with  a  Cr  underlayer 
of  20  nm  and  Hc  of  about  29  kOe  for  300-nm-thick  SmCo 
film  without  the  Cr  underlayer.  By  post-annealing  the  as- 
deposited  films  with  and  without  the  Cr  underlayer,  crystal¬ 
lization,  and  grain  growth  is  promoted  for  the  SmCo  films 
resulting  in  a  large  increase  in  coercivity. 
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High-temperature  magnetic  properties  of  TbCu7-type  SmCo-based  films 

H.  Hegde,  X.  R.  Qian,  Jong-Guk  Ahn,  and  F.  J.  Cadieu 

Physics  Department,  Queens  College  of  CUNY,  Flushing,  New  York  11367 

In  applications  where  large  remanent  moments  and  energy  products  are  required  at  elevated 
temperatures,  SmCo-based  permanent  magnets  provide  the  best  properties.  In  addition  to  their  high 
Curie  points,  these  SmCo-based  ordered  phases  of  1-5,  2-17,  and  the  disordered  1-7  phase  show 
large  uniaxial  anisotropies  at  elevated  temperatures.  We  have  now  measured  the  high-temperature 
hysteresis  properties  of  single-phase  TbCu7-type  SmCo-based  permanent  magnet  films.  Such 
single-phase  samples  have  the  advantage  that  optimal  magnetic  properties  can  be  obtained  from  the 
as-sputtered  films  without  any  subsequent  heat  treatments.  Normally  bulk  samples  in  this 
composition  range  form  the  two  phase  cellular  structure  whose  magnetic  properties  are  very 
sensitive  to  heat  treatments.  Single-phase  TbCu7-type  films  of  composition  Sm13Co58Fe2oCu7Zr2 
were  sputter  synthesized  such  that  the  crystallite  c  axes  were  oriented  in  the  film  plane.  The  net 
anisotropy  field  of  the  films  remained  larger  than  the  maximum  applied  field  of  18  kOe  even  at  the 
highest  measurement  temperature  of  460  °C.  Thus  all  measurements  were  from  minor  hysteresis 
loops.  The  in-plane  coercivity  showed  a  monotonic  decrease  from  6.0  kOe  at  room  temperature  to 

I. 3  kOe  at  460  °C.  The  in-plane  remanent  flux  density  decreased  from  8.5  kG  at  50  °C  to  5.8  kG  at 
460  °C.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)33908-8] 


Permanent  magnets  of  the  rhombohedral-based 
Sm2(CoFeZrCu)17  type  are  attractive  for  high-temperature 
applications  because  of  their  high  ferromagnetic  Curie  point, 
high  saturation  magnetization,  and  high-energy  product.1,2 
These  magnets  exhibit  a  cellular  structure  of  rhombohedral 
2-17  phase  and  1-5  type  grain  boundaries.3  As  a  result,  the 
structural  and  magnetic  properties  of  these  magnets  are  very 
sensitive  to  the  heat  treatments  required  to  develop  coerciv¬ 
ity.  It  has  been  shown  that  single-phase  TbCu7-type  film 
magnets  of  Sm(CoFeCuZr)  can  be  synthesized  by  sputtering 
nonepitaxially  so  as  to  exhibit  strong  in-plane  c-axis  align¬ 
ment  for  a  wide  range  of  film  thicknesses.4,5  The  structural 
properties  of  such  films  are  insensitive  to  thermal  treatments 
below  500  °C,  making  them  extremely  suitable  for  high- 
temperature  applications.  TbCu7-type  film  magnets  with 
magnetic  easy  axis  in  the  film  plane  have  been  shown  to  be 
useful  in  magnetoresistive  and  magneto-optic  devices,6,7 
whereas  Nd2Fe14B-type  films  with  magnetic  easy  axis  per¬ 
pendicular  to  film  plane  have  been  used  in  a  millisize  motor.8 
However,  in  applications  at  elevated  temperatures,  as  a  result 
of  their  relatively  low  Curie  points  the  2-14-1  type  films  are 
intrinsically  inferior  to  the  1-7  type  films.  While  there  have 
been  high-temperature  studies  of  the  hysteresis  properties  of 
bulk  multiphase  magnets  of  the  type  Sm(CoFeCuZr),9,10 
there  have  been  no  corresponding  studies  for  single-phase 
TbCu7-type  magnets  in  either  film  or  bulk  form.  In  this  ar¬ 
ticle  we  present  the  high-temperature  hysteresis  properties  of 
single-phase  TbCu7-type  Sm(CoFeCuZr)-based  film  mag¬ 
nets. 

The  films  in  this  study  were  sputter  synthesized  from 
commercially  available  2-17  bulk  magnets  of  the  type 
Sm2(CoFeCuZr)17.  The  films  were  sputter  deposited  on  poly¬ 
crystalline  A1203  substrates  in  80  mTorr  of  Ar.  The  film  com¬ 
position  was  Sm13Co58Fe20Cu7Zr2.  Film  deposition  tempera¬ 
ture  was  around  350  °C,  so  that  the  TbCu7-type  phase  was 
formed  with  the  c  axis  of  the  crystallites  randomly  aligned  in 
the  film  plane.  These  films  needed  no  post-deposition  heat 


treatments  to  obtain  optimum  magnetic  hysteretic  properties. 
Further  details  of  film  synthesis,  crystallographic  details,  mi¬ 
crostructure,  and  room-temperature  magnetic  properties  have 
previously  been  published.11  The  high- temperature  magnetic 
hysteresis  measurements  were  made  using  a  PAR  model  151 
high-temperature  oven  attached  to  a  vibrating  sample  mag¬ 
netometer.  The  temperature  readings  were  calibrated  against 
measurements  made  on  a  standard  Ni  sample.  While  no  pro¬ 
tective  overcoating  of  the  films  was  used,  a  positive  flow  of 
He  gas  was  used  in  the  high-temperature  oven  to  shield 
against  contamination  as  much  as  feasible. 

In  Fig.  1  hysteresis  loops  of  a  film  at  a  temperature  of 
50  °C  for  applied  field  directions  in  the  film  plane  (solid  line) 
and  perpendicular  to  the  film  plane  (dashed  line)  are  shown. 
In  Fig.  2  similar  measurements  at  a  temperature  of  250  °C 
are  shown.  The  in-plane  loop  measured  at  250  °C  exhibited  a 
slight  shoulder  on  entering  the  second  quadrant.  Such  a 
shoulder  was  more  pronounced  in  thinner  samples.  The 


FIG.  1.  Magnetic  hysteresis  loops  at  50  °C,  for  measurements  in-plane  and 
perpendicular  to  film  plane. 
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FIG.  2.  Magnetic  hysteresis  loops  at  250  °C,  for  measurements  in-plane  and 
perpendicular  to  film  plane. 

shoulder  is  believed  due  to  surface  contamination  in  the 
high-temperature  oven  since  the  film  coercivity  was  un¬ 
changed  upon  thermal  cycling  to  460  °C.  This  is  shown  in 
Fig.  3  which  shows  in-plane  measurements  at  room  tempera¬ 
ture,  before  and  after  the  sample  was  subjected  to  460  °C 
high-temperature  oven  measurements.  In  films  that  were  sub¬ 
jected  to  a  similar  460  °C  thermal  cycling  in  a  high  vacuum 
chamber  pumped  to  ~2X10“7  Torr,  no  hysteresis  loop  dete¬ 
rioration  was  observed  on  remeasuring  the  loop  at  room  tem¬ 
perature.  Instead,  such  loops  only  reproduced  the  before  ther¬ 
mal  cycling  loop.  This  showed  that  the  high-temperature 
oven  sample  deterioration  was  a  result  of  residual  gases 
causing  surface  contamination. 

Figure  4  shows  the  magnetic  flux  density  of  a  SmCo- 
based  TbCu7  film  as  a  function  of  the  temperature,  measured 
in-plane  and  perpendicular  to  the  plane  for  an  applied  field  of 
18  kOe.  Figure  4  also  shows  the  variation  of  the  estimated 
effective  anisotropy  field  HA  as  a  function  of  temperature. 


Sm-Co  Based  TbCu? 


Magnetic  Field  (kOe) 


FIG.  3.  In-plane  hysteresis  measurements  on  a  film  at  room  temperature, 
before  and  after  the  sample  was  subjected  to  460  °C  high-temperature  mea¬ 
surements  in  the  magnetometer  oven. 

5962  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


TbCur  Sm-Co  Based  Film 


0  100  200  300  400  500 

Temperature  (°C) 


FIG.  4.  Temperature  dependence  of  in-plane  and  perpendicular  to  film  plane 
flux  densities  at  an  applied  field  of  18  kOe  (left  axis).  Temperature  depen¬ 
dence  of  estimated  anisotropy  field  HA  (right  axis). 

The  films  were  so  deposited  as  to  have  only  crystallites  with 
c-axis  in-plane  orientation,  thus  making  the  perpendicular  to 
the  plane  direction  the  magnetocrystalline  hard  axis.  In  addi¬ 
tion,  since  the  planar  dimensions  are  much  larger  compared 
to  film  thickness,  the  shape  anisotropy  field  in  the  perpen¬ 
dicular  to  the  plane  direction  is  simply  AttM.  Thus,  for  these 
films,  the  effective  anisotropy  field  is  the  sum  of  shape  an¬ 
isotropy  and  magnetocrystalline  anisotropy.  From  Fig.  4,  it 
can  be  seen  that  while  the  effective  anisotropy  field  HA  is 
around  65  kOe  at  50  °C,  it  drops  to  around  40  kOe  at  250  °C 
and  around  19  kOe  at  460  °C.  Comparison  of  temperature 
variations  of  the  anisotropy  field  and  coercivity  as  shown  in 
Fig.  4  and  Fig.  5  reveals  a  strong  linear  correlation  between 
the  two.  As  seen  in  Fig.  5,  the  coercivity  of  the  film  de¬ 
creased  below  2  kOe  above  a  temperature  of  350  °C.  Figure 
5  also  shows  the  remanent  flux  density  as  a  function  of  the 
temperature,  measured  in-plane  and  perpendicular  to  the 
plane. 

In  conclusion,  the  high-temperature  magnetic  properties 
of  single-phase  TbCu7-type  SmCo-based  permanent  magnet 
films  have  been  studied.  The  study  shows  that  after  thermal 
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FIG.  5.  Temperature  dependence  of  in-plane  coercivity  flc ,  in-plane  Br , 
and  perpendicular  to  film  plane  Br . 
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cycling  to  460  °C,  these  films  exhibited  no  decrease  in  coer- 
civity.  Decreases  in  room-temperature  coercivity  following 
similar  thermal  cycling  has  been  observed  for  multiphase 
cellular  structured  SmCo-based  2-17  type  bulk  magnets.12 
Even  at  a  temperature  of  350  °C,  the  inplane  coercivity  of 
these  films  remained  in  excess  of  2  kOe,  while  at  the  same 
temperature,  the  effective  anisotropy  was  greater  than  30 
kOe. 

This  work  has  been  supported  by  the  U.S  Army  Re¬ 
search  Office. 
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Nanocomposite  Sm2Co17/Co  permanent  magnets  by  mechanical  alloying 
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Mechanically  alloyed  magnets  SmCo*  (x  =  6.0- 1 1.0)  have  been  prepared  using  starting  materials  of 
commercial  SmCo5  and  Co  powders.  X-ray  diffraction  data  indicate  that  the  equilibrium  Sm2Co17 
phase  can  be  achieved  in  a  nanocomposite  Sm2Co17/Co  system  at  x  =  8.5- 11.0,  while  a 
Sm2Co17/SmCo5  structure  occurs  at  jc  =  6.0-8.0.  The  best  magnetic  properties  obtained  at  x=  10.0 
are  as  follows:  (BH)max=  10.2  MGOe,  Br—  9.4  kG,  Hc= 4.0  kOe,  and  5=0.82.  Wohlfarth’s 
remanence  analysis  indicates  that  the  high  remanence  can  be  attributed  to  the  intergranular 
interaction  between  neighboring  cobalt  and  Sm2Co17  grains.  ©  1996  American  Institute  of 
Physics .  [S002 1-8979(96)34008-2] 


I.  INTRODUCTION 

Nanocomposite  permanent  magnetic  alloys  have  been 
studied  extensively.  The  alloys  include  Nd2Fe14B/a?-Fe,1_6 
Sm2Fe17N3/a-Fe,7  and  Sm-Co,8"10  which  can  be  prepared  by 
melt  spinning,  mechanical  alloying  (MA),  and  thin-film  pro¬ 
cesses,  etc.  The  remanence  enhancement  for  the  isotropic 
nanocomposites  have  been  discussed  in  terms  of  exchange 
coupling  between  two  suitably  dispersed  magnetically  hard 
and  soft  phases.11  The  two-phase  alloys  may  have  potential 
applications  in  resin  bonded  magnets  due  to  the  advantages 
of  cost  saving  and  high-energy  product.  However,  the  satu¬ 
ration  magnetizing  field  of  nanocomposite  alloys  is  still  high 
(close  to  that  of  some  MQ  powders)  in  spite  of  the  moderate 
coercivity. 

In  this  article,  we  will  report  nanocomposite  SmCo*  al¬ 
loys  with  high-energy  product  and  acceptable  magnetizabil- 
ity.  Efforts  are  focused  on  the  range  of  x—  8.5- 1 1 .0,  because 
experimental  data  of  the  MA  powders  indicate  the  existence 
of  the  equilibrium  Sm2Co17,  which  is  not  easy  to  obtain  us¬ 
ing  melt  spinning  or  thin-film  process.  The  alloys  is  easy  to 
magnetize  because  the  magnetic  anisotropy  constant  Kx  of 
Sm2Co17  (3.3  MJ/m3)  is  lower  than  that  of  Nd2Fei4B  (5.0 
MJ/m3)  in  the  popular  Nd2Fe14B/a-Fe  system.  Moreover,  the 
Sm2Co17/Co  alloys  should  possess  the  highest  magnetization 
in  the  binary  Sm-Co  system. 

II.  EXPERIMENT 

Commercial  powders  of  cobalt  (1.47  /zm)  and  prealloyed 
SmCo5  (250  /zm)  were  used  as  starting  materials.  The  pow¬ 
ders  were  ball  milled  in  a  cylindrical  steel  container  using  a 
planetary  vibration  mill,  which  was  operated  in  air.  To  main¬ 
tain  an  inert  atmosphere  during  mechanical  alloying,  a 
vacuum  valve  was  mounted  into  the  cover  of  the  container. 
Through  the  valve,  the  container  was  evacuated  to  a  high 
vacuum  of  about  1CT5  Torr,  then  purged  with  a  positive  pres¬ 
sure  (2  atm)  of  high-purity  Ar.  The  vacuum  tubes  were  fi¬ 
nally  disconnected  from  the  container  before  ball  milling. 
The  MA  powders  were  annealed  at  700-900  °C  for  20  min 
in  Ar  for  crystallization.  The  existing  phases  of  the  annealed 
powders  were  identified  with  an  x-ray  diffractometer. 


Vibrating  sample  magnetometer  (VSM)  samples  were 
prepared  by  dispersing  the  powder  in  molten  wax  in  a 
sample  capsule.  Magnetic  properties  were  measured  at  room 
temperature  in  a  maximum  field  of  20  kOe.  Dc-  demagne¬ 
tized  samples,  as  described  by  Vajda  and  Torre,12  were  used 
for  Wohlfarth’s  remanence  analysis. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  x-ray  diffraction  patterns  of  mechani¬ 
cally  alloyed  powders  SmCo^  (x— 6.0- 11.0).  The  samples 
were  annealed  at  900  °C  for  20  min.  For  the  cobalt-rich 
samples  with  x  =  8.5- 11.0,  a  two-phase  Sm2Co17/Co  struc¬ 
ture  appears.  A  small  amount  of  free  Co  is  still  visible  in  the 
stoichiometric  Sm2Co17  samples.  For  x< 8.5,  SmCo5  coex¬ 
ists  with  Sm2Co17.  No  free  cobalt  was  observed  in  the 
high-Sm  alloys.  The  grain  sizes  of  cobalt  was  estimated  to  be 
less  than  that  of  Sm2Co17.  Both  phases  have  a  grain  size  of 
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FIG.  1.  X-ray  diffraction  patterns  of  mechanically  alloyed  SmCo*  after  mill- 
ing  for  16  h  and  a  subsequent  annealing  at  900  °C  for  20  min. 
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FIG.  2.  Composition  dependence  of  coercivity  Hc  and  remanence  Br  for 
mechanically  alloyed  SmCo*  after  milling  for  16  h  and  a  subsequent  anneal¬ 
ing  at  750  °C  for  20  min. 


tens  of  nanometers,  depending  on  the  annealing  tempera¬ 
tures.  However,  the  grain  sizes  are  beyond  the  limit  of  pre¬ 
cise  measurements  using  Scherrer  formula. 

Composition  dependence  of  the  coercivity  Hc  and  the 
remanence  Br  for  SmCo*  (*  =  6.0-11.0)  is  indicated  in  Fig. 
2.  The  coercivity  decreases  with  increasing  x.  For  the 
low-Sm  alloys  (x=  8.5- 11.0),  the  decrease  in  Hc  may  be 
attributed  to  the  change  in  the  morphology  of  the  cobalt 
phase  in  the  Sm2Co17  phase,  which  needs  further  study  using 
a  transmission  electron  microscope  (TEM).  The  measured 
values  of  Hc  (4-5  kOe)  for  SmCoA.  (, x=  8.5- 10.0)  is  close  to 
some  grades  of  commercial  Sm2TM17  magnets,  although  the 
Sm-Co  alloys  contain  no  precipitation  hardening  elements, 
such  as  Cu  and  Zr.  Coercivity  mechanism  of  this 
Sm2Co17/Co  system  can  be  explained  by  the  domain-wall 
pinning  effect  from  the  cobalt  precipitates  or  the  grain 
boundaries  of  the  Sm2Co17  phase,  as  studied  using  Gaunt’s 
model.  For  the  high-Sm  alloys  (x  =  6.0-  8.0),  the  high  coer¬ 
civity  is  obviously  due  to  the  existence  of  high- anisotropy 
SmCo5 .  Sm-rich  system  was  previously  reported  by  Ding 
and  Wecker  et  al ,8,9 

The  variation  of  Br  values  with  cobalt  contents  is  also 
shown  in  Fig.  2.  A  maximum  value  of  9.4  kG  was  achieved 
for  the  samples  with  x=  10.0.  The  high  remanence,  which  is 
approximately  equal  to  the  typical  value  of  some  MQ  pow¬ 
ders,  is  due  to  the  existence  of  cobalt  phase,  of  which  the 
47 tMs  value  (18  kG)  is  about  40%  higher  than  that  of 
Sm2Co17  (13  kG). 

The  magnetic  hysteresis  loop  of  the  SmCo10  alloys  is 
shown  in  Fig.  3.  The  magnetic  properties  are  measured  to  be 
as  follows:  B=9A  kG,  Hc  =  4.0  kOe,  (BH)max=\02 
MGOe,  and  squareness  ratio  (MrIMs)  =  0.82.  The  alloy  is 
calculated  to  contain  12  vol.  %  cobalt  and  88  vol.  % 
Sm2Co17.  The  high  remanence  and  squareness  ratio  can  re¬ 
sult  from  the  exchange  interaction  between  neighboring 
Sm2Co17  and  Co  grains,  so-called  exchange- spring  magnet.11 
However,  the  remanence  and  energy  product  remain  the  pos¬ 
sibility  for  further  improvement,  considering  the  SmCo10  al¬ 
loy  has  a  theoretical  saturation  magnetization  of  13.6  kG. 

To  understand  if  the  remanence  enhancement  is  related 
to  the  interaction  between  neighboring  grains,  we  investigate 
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FIG.  3.  Magnetic  hysteresis  loop  of  mechanically  alloyed  SmCo10. 


the  SmCo10  and  Sm2Co17  samples  using  Wohlfarth’s  well- 
known  remanence  relationship13,14 

md(H)=l-2mr(H)>  (1) 

where  mr(H)  means  the  isothermal  remanence  which  was 
normalized  by  the  remanence  obtained  at  a  maximum  field  of 
20  kOe,  and  md  means  the  normalized  dc  demagnetization. 
The  staring  samples  were  dc-  demagnetized  before  mr  and 
md  measurements.  The  plots  of  mr  vs  md,  so-called  Henkel 
plots,15  were  applied  to  the  SmCo10  and  Sm2Co17  samples,  as 
indicated  in  Fig.  4.  A  linear  relationship  with  a  slope  of 
-1/2,  as  shown  in  Eq.  (1),  should  hold  for  a  noninteracting 
system  during  magnetization  or  demagnetization  processes.16 
In  the  case  of  the  SmCo10  sample,  the  Henkel  plot  shows  a 
large  deviation  from  linear  Wohlfarth  relationship,  which  can 
be  the  result  from  the  exchange  coupling  between  the  neigh¬ 
boring  Sm2Co17  and  Co  grains.  For  the  Sm2Co17  sample, 
which  shows  a  nearly  single-phase  structure,  the  smaller  de¬ 
viation  from  Eq.  (1)  can  be  due  to  the  different  nature  of 
interaction  arising  from  different  microstructures. 


FIG.  4.  Wohlfarth’s  remanence  analysis  for  mechanically  alloyed  SmCo10 
and  Sm2Co17.  The  diagonal  represents  the  ideal  case  according  to  Eq.  (1). 
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To  precisely  explain  a  Henkel  plot,  the  demagnetization 
states  of  the  sample  should  be  well  defined.  The  effect  of 
demagnetization  states  (including  dc-,  dc+,  and  ac  demag¬ 
netized  states)  on  Henkel  plots  have  been  studied  using  Prei- 
sach  models.12  In  our  case,  a  dc-  demagnetized  state  ap¬ 
pears  to  be  suitable  for  the  analysis  of  exchange  interaction. 
Wohlfarth’s  remanence  analysis  for  various  demagnetized 
Sm-Co  samples  will  be  discussed  elsewhere. 
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Control  of  the  axis  of  chemical  ordering  and  magnetic  anisotropy 
in  epitaxial  FePt  films 
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Growth  of  epitaxial  films  of  the  Ll0  phase  of  FePt,  with  the  tetragonal  c  axis  along  either  the  film 
normal  or  in-plane,  is  described.  Films  were  grown  by  coevaporation  of  Fe  and  Pt,  under  ultrahigh 
vacuum  conditions,  onto  a  seed  film  of  Pt  grown  on  MgO  or  SrTi03  substrates.  The  perpendicular 
or  in-plane  orientation  of  the  c  axis  was  controlled  by  selecting  the  (001)  or  (110)  substrate  plane, 
respectively.  Nearly  complete  chemical  ordering  was  achieved  for  growth  at  500  °C  for  both 
orientations.  Magnetic  and  magneto-optical  characterization  of  these  films  confirmed  the  huge 
magnetic  anisotropy  expected  for  this  phase.  In  the  most  highly  ordered  films,  anisotropy  fields  in 
excess  of  120  kOe  were  measured.  ©  1996  American  Institute  of  Physics. 


[S0021-8979(96)34108-9] 

The  magnetic  and  magneto-optical  properties  of  interme- 
tallic  FePt  alloy  films  are  of  current  interest.  The  magnetic 
anisotropy,  and  magneto-optical  Kerr  rotation  of  FePt  both 
correlate1  with  the  degree  of  chemical  ordering  and  the  mag¬ 
netic  anisotropy  energy  Ku  is  predicted2  to  reach  a  value  of 
>108  erg/cc  for  complete  ordering.  This  is  one  of  the  highest 
predicted2  anisotropy  energies  of  transition  metal  alloys  and 
results  from  spin-polarization  of  the  Pt5  d  bands  combined 
with  the  large  spin-orbit  coupling  for  Pt.  Chemically  ordered 
FePt  films  with  their  c  axis  oriented  along  the  film  normal 
have  been  prepared  by  annealing  sputtered  epitaxial  films,3 
cosputtering  onto  heated  substrates,4  and  by  molecular  beam 
epitaxy  (MBE).1,5  The  c-axis  normal  configuration  was  ob¬ 
tained  by  growing  FePt  onto  (001)  Pt  seed  films  on 
MgO(OOl)  substrates  to  symmetry  match  the  fourfold  FePt 
basal  plane  with  the  Pt.  The  lattice  misfits  for  FePt(001)/ 
Pt(001)  and  Pt(001)/Mg0(001)  are  -1.8%  and  -7.3%,  re¬ 
spectively.  Despite  these  large  misfits  FePt  grows  epitaxially 
with  perpendicular  mosaic  spreads  of  only  —1°,  as  we  report 
in  this  paper.  Up  until  now,  there  have  been  no  reports  of 
growth  of  FePt  epitaxy  with  the  c  axis  in  plane.  In  view  of 
the  technological  interest6  in  Ll0  FePt  films  for  longitudinal 
magnetic  recording  media,  there  is  a  need  to  control  the  ori¬ 
entation  of  the  c  axis.  In  this  article  we  describe  the  growth 
and  characterization  of  FePt  films  with  the  c  axis  either  per¬ 
pendicular  or  in-plane. 

The  films  were  grown  by  coevaporation  in  a  VG  Semi- 
con  V80M  MBE  system  using  e-gun  sources  for  both  Fe  and 
Pt.  The  fluxes  were  controlled  by  Leybold  Inficon  Sentinel 
III  rate  monitors  and  film  growth  rates  of  Pt  and  FePt  were 
— 0.1  and  0.2  A/s,  respectively.  Film  growth  was  character¬ 
ized,  in  situ  using  both  reflection  high-energy  electron  dif¬ 
fraction  (RHEED)  and  low-energy  electron  diffraction 
(LEED).  Following  growth,  the  films  were  characterized  by 
x-ray  diffraction,  vibrating  sample  and  torque  magnetometry, 
and  magneto-optical  Kerr  studies.  MgO(OOl)  and  (110)  sub¬ 
strates  were  supplied  by  Harrick  Inc.;  SrTiO3(110)  by  Mar- 


ketech  Inc.  They  were  polished  on  one  side  using  a  syton 
finish  and  prepared  as  described  earlier7  for  sapphire  sub¬ 
strates. 

We  have  earlier  reported1  growth  of  FePt  films  on  150- 
A-thick  Pt  template  films  on  MgO(OOl)  substrates.  Much 
thinner  Pt  films  also  act  effectively  as  templates  for 
FePt(001)  growth.  Pt  films  ~7  A  thick,  grown  at  a  substrate 
temperature  of  700  °C,  exhibited  “spotty”  RHEED  patterns, 
consistent  with  transmission  electron  diffraction  through 
(OOl)-oriented  Pt  islands.  Overgrowth  of  FePt8  resulted  in  a 
progressive  transition  to  elongated  streaks  in  the  RHEED 
pattern  at  ~  100  A  consistent  with  growth  of  a  smooth,  con- 


20  (deg) 

FIG.  1.  (a)  Specular  (0—26)  x-ray  scan  of  1000-A-thick  film  of  FePt(001)/ 
MgO(OOl).  The  complete  structure  was  18  A  Pt/Fe052Pto4g/150  A  Pt/ 
MgO(OOl).  (b)  Specular  x-ray  scan  of  943-A-thick  film  of  FePt(001)/ 
MgO(OOl).  The  complete  structure  was  18  A  Pt/Fe0  50Pto  50/ 
7  A  Pt/MgO(001). 
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TABLE  I.  Compositions,  long-range  order  parameters  and  mosaic  spread  for  FePt(OOl)  films. 


Seed  film 

FePt 

(%Fe) 

c 

1Jmax 

u  meas 

1  mosaic 
(°)  (001) 

±  mosaic 
(°)  (002) 

_L  mosaic 
(°)  (003) 

150  A  Pt/MgO(001) 

52 

0.93±0.02 

1.05 

7  A  Pt/MgO(001 

0.92±0.02 

2.49 

1.99 

2.08 

tinuous  epitaxial  (OOl)-oriented  film.  The  RHEED  pattern 
showed  little  change  as  the  film  increased  in  thickness  from 
100  to  1000  A.  Specular  x-ray  diffraction  scans  for  FePt 
films  with  thick  and  thin  Pt  seed  layers  are  shown  in  Figs. 
1(a)  and  1(b).  The  intense  (001)  and  (003)  superstructure 
peaks  in  both  scans  indicate  a  high  degree  of  chemical  or¬ 
dering  with  the  tetragonal  c  axis  along  the  film  normal.  How¬ 
ever,  structural  differences  between  the  two  samples  are  evi¬ 
dent  from  these  data.  For  example,  minority  structural 
domains  with  the  tetragonal  c  axis  in  plane  or  inclined  to  the 
film  plane  are  indicated  by  the  presence  of  FePt(200)  and 
(111)  specular  peaks,  respectively,  in  Fig.  1(a)  (thick  Pt).  For 
the  film  of  Fig.  1(b)  (thin  Pt)  these  minority  domains  are 
absent.  The  long-range  order  parameter,1  5,  for  the  two 
samples  was  quantified  using  integrated  intensities  for  the 
(001),  (002),  and  (003)  peaks  extracted  from  fits  to  scans 
over  these  peaks  using  a  high-resolution  diffractometer.  This 
procedure  is  described  in  detail  elsewhere.8  Here  we  point 
out  that  the  mosaic  spread  of  each  of  the  peaks  was  included 
in  the  calculation  and  an  experimental  Debye-Waller  factor 
((7=0.136  A)  was  used.  Differences  in  mosaic  spread  for  the 
superstructure  and  fundamental  peaks  are  considerable  and 
must  be  included  in  the  calculation  of  S  for  meaningful  re¬ 
sults.  The  agreement  between  S  determined  from  the  (001)/ 
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FIG.  2.  (a)  Specular  x-ray  scan  of  630-A-thick  film  of  FePt/SrTiO3(110). 
The  complete  structure  was  Pt  18  A/Feo.56Pto.44/30  A  Pt/SrTiO3(110).  (b) 
Specular  x-ray  scan  of  830  A-thick  film  of  FePt(110)/MgO(110).  The  com¬ 
plete  structure  was  Pt  18  A/Fe0.58Pt0.42/7  A  Pt/MgO(110). 


(002)  and  (003)/(002)  intensity  ratios  was  within  4%.  Table  I 
summarizes  film  compositions,  maximum  possible  order  pa¬ 
rameters  at  these  compositions  and  perpendicular  mosaic 
spreads  (FWHM  of  rocking  curves)  for  the  (001),  (002),  and 
(003)  peaks.  The  order  parameter  for  both  samples  is  close  to 
the  maximum  possible  values  at  the  compositions  stated. 

FePt(llO)  films  were  prepared  in  two  different  ways. 
Initially,  SrTiO3(110)  substrates  were  used  with  a  seed  film 
of  30  A  Pt(110).  The  growth  of  this  structure  has  been  de¬ 
scribed  earlier.9  Unfortunately,  the  cubic  perovskite  structure 
of  SrTi03  gives  rise  to  a  (110)  peak  which  makes  extraction 
of  the  FePt(llO)  superstructure  intensity  imprecise.  MgO  has 
no  (110)  peak  and  was  used  as  an  alternative  substrate.  In 
this  case  a  7- A-thick  Pt  seed  film  was  used.  RHEED  studies9 
showed  facetted  Pt(110)  film  growth  on  the  SrTi03  and  is¬ 
landed  growth  of  Pt(110)  on  MgO(llO).  X-ray  specular 
scans  for  films  grown  at  500  °C  on  SrTi03  and  MgO  are 


magnetic  field  (kOe) 
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FIG.  3.  Magneto-optical  polar  Kerr  loops  for  FePt(001)  films  of  Figs.  1(a) 
and  1(b).  Laser  wavelength  633  nm. 
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TABLE  II.  Compositions,  long-range  order  parameters,  perpendicular  mosaic  spread  for  FePt(llO)  films. 


_L  mosaic 

1  mosaic 

Seed  film 

FePt  (%Fe) 

6"  max 

lJmeas 

(”)  (no) 

(°)  (220) 

30  A  Pt/SrTiO3(110) 

56 

0.88 

0.78±0.10 

1.70 

1.45 

7  A  Pt/MgO(110) 

58 

0.84 

0.81  ±0.02 

1.64 

1.22 

shown  in  Figs.  2(a)  and  2(b),  respectively.  A  high  degree  of 
chemical  ordering  in  both  samples  is  evident  from  the  in¬ 
tense  FePt(llO)  peak.  However,  in  the  SrTi03  sample,  the 
FePt(llO)  peak  appears  as  a  shoulder  on  the  SrTi03  peak. 
The  majority  orientation  of  both  FePt  films  is 
FePt(110)||SrTiO3,  MgO(llO).  In  this  orientation,  the  c  axis 
of  the  FePt  is  oriented  in  the  film  plane.  Both  RHEED  and 
x-ray  diffraction  confirm  that:  FePt[001]||Pt,  MgO, 
SrTiO3[001],  and  FePt[l l'0]||Pt,  MgO,  SrTiO3[lf0].  The 
presence  of  a  strong  FePt(202)  shoulder,  for  the  SrTi03 
sample,  reveals  a  minority  structural  domain  with  the  tetrag¬ 
onal  c  axis  inclined  at  —44°  to  the  film  plane.  Peak  fitting 
suggests  that  -30%  of  the  film  volume  is  comprised  of  the 
minority  domain.  A  small  FePt(lll)  peak  in  Fig.  2(a)  shows 
that  this  film  also  has  a  very  weak  (—0.1%  of  the  sample 
volume)  minority  (111)  orientation.  The  long-range  order  pa¬ 
rameter  for  these  two  samples  is  given  in  Table  II.  Note  that 
for  the  sample  grown  on  MgO(llO)  the  long-range  order 
parameter  is  close  to  the  maximum  possible  value. 

Magneto-optical  polar  Kerr  loops  and  M-H  loops  for  the 
FePt(OOl)  samples  of  Figs.  1(a)  and  1(b)  are  shown  in  Fig.  3. 
For  both  samples  the  easy  axis  is  along  the  film  normal. 


magnetic  field  (kOe) 


magnetic  field  (kOe) 

FIG.  4.  Magnetization  loops  for  FePt(llO)  films  of  Figs.  2(a)  and  2(b). 


Perpendicular  remanence  is  60%  and  100%,  respectively  and 
the  saturation  Kerr  rotations  are  0.71  and  0.75°,  respectively. 
In-plane  remanence  is  small  for  both  samples  and  in-plane 
M-H  loops  show  that  the  magnetization  is  not  saturated  in 
the  maximum  applied  field  of  20  kOe.  For  these  samples  the 
estimated  anisotropy  fields  are  —75  and  120  kOe,  respec¬ 
tively.  Figure  4  shows  M-H  loops  for  the  FePt(llO)  samples 
with  the  field  applied  along  the  easy  axis:  FePt[001]  (paral¬ 
lel)  or  along  the  film  normal:  FePt[110]  (perpendicular).  The 
in-plane  remanence  is  100%  for  both  samples  but  there  is  a 
large  difference  in  the  out-of-plane  magnetization  data.  The 
FePt/SrTi03  sample  has  a  much  larger  remanence  than  the 
FePt/MgO(110)  sample.  The  anisotropy  fields  for  the 
samples  are  =^75  and  140  kOe,  respectively. 

The  structural  and  magnetic  data  for  the  FePt(001)  films 
confirm  that  near-complete  chemical  ordering  is  achieved  for 
film  growth  on  Pt(001)/MgO  for  both  150  and  7-A-thick  Pt 
seed  films  at  500  °C.  There  are,  however,  significant  differ¬ 
ences  in  structural  quality  of  the  two  samples  which  probably 
lead  to  the  observed  differences  in  magnetic  properties.  For 
example,  the  minority  (111)  and  (100)  structural  domains 
may  provide  minority  magnetic  domains  which  contribute  to 
the  reduced  remanence  seen  in  the  film  with  the  thicker  Pt 
seed  film.  Kern  microscopy10  reveals  reverse-nucleated  do¬ 
mains  in  zero  field  for  this  film.  Similarly,  for  the  FePt(llO) 
samples  the  presence  of  (111)  and  (101)  minority  structural 
domains,  in  the  film  grown  on  SrTi03 ,  may  contribute  to  the 
perpendicular  remanence  and  reduced  magnetic  anisotropy 
field  for  this  sample.  The  huge  magnetic  anisotropy  for  the 
FePt  Ll0  phase  is  confirmed  by  the  magnetic  data  for  these 
films.  Torque  magnetometry  data,  to  be  presented  in  detail 
elsewhere,10  confirms  Ku  to  be  — 108  erg/cm3  for  these  films. 

We  acknowledge  the  work  of  Sherry  Horn  in  x-ray  data 
collection  and  peak  fitting  and  are  grateful  to  Andrew 
Kellock  for  sample  composition  and  film  thickness  analysis 
using  Rutherford  backscattering. 
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Ba  ferrite  films  with  large  saturation  magnetization  and  high  coercivity 
prepared  by  low-temperature  sputter  deposition 

K.  Noma,  N.  Matsushita,  S.  Nakagawa,  and  M.  Naoe 

Department  of  Physical  Electronics ,  Tokyo  Institute  of  Technology,  Meguro,  Tokyo  152,  Japan 

Ba  ferrite  films  were  deposited  in  a  mixture  of  Xe,  Ar,  and  02  by  using  facing  targets  sputtering 
apparatus  with  sintered  targets  of  Fe-excessive  BaM  ferrite.  By  using  Xe  as  sputtering  gas,  the 
bombardment  of  energetic  Ar  atoms  recoiled  from  target  to  film  surface  was  sufficiently  suppressed 
and  Fe  content  in  Ba  ferrite  crystallites  was  significantly  increased.  It  was  found  that  the  segregation 
of  spinel  crystallites  among  BaM  ones  were  not  observed  and  these  BaM  crystallites  revealed  the 
excellent  c-axis  orientation  normal  to  film  plane  and  clear  perpendicular  magnetic  anisotropy.  At 
substrate  temperature  Ts  of  600  °C,  saturation  magnetization  4ttMs  of  5.1  kG,  which  is  larger  than 
that  of  BaM  ferrite  single  crystal,  and  perpendicular  coercivity  Hcl  of  2.4  kOe  were  obtained.  BaM 
ferrite  films  composed  of  well  c-axis  oriented  crystallites  with  large  perpendicular  magnetic 
anisotropy  constant,  large  saturation  magnetization  4ttMs  of  4.7  kG  and  high  perpendicular 
coercivity  Hcl  of  2.4  kOe  were  obtained  at  substrate  temperature  Ts  as  low  as  475  °C.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)34208-5] 


I.  INTRODUCTION 

Ba  ferrite  films  are  candidate  materials  for  magnetic  re¬ 
cording  media,  milliwave  devices,  and  permanent  magnet 
components  because  of  their  large  perpendicular  magnetic 
anisotropy  constant  and  high  electric  resistivity. 

It  was  already  reported  that  the  facing  targets  sputtering 
(FTS)  system  are  suitable  for  depositing  the  BaM  ferrite 
films  composed  of  well  c-axis  oriented  crystallites  normal  to 
the  film  plane  at  low  substrate  temperature  Ts  because  the 
bombardment  of  energetic  particles  such  as  y-electrons  and 
negative  ions  to  film  surface  is  negligible.1  In  this  study, 
Fe-excessive  BaM  ferrite  plates  with  the  composition  of 
BaO6.5Fe203  were  used  as  sputtering  targets  for  increasing 
the  saturation  magnetization  4  ttMs  . 

When  the  BaM  ferrite  sintered  target  was  sputtered  by 
Ar  ions,  neutral  Ar  atoms  recoiled  from  the  target  attack  the 
growing  film  surface  resulting  in  the  4rrMs  as  small  as  2.1 
kG.  It  has  been  found  that  the  bombardment  of  energetic 
particles  to  the  film  surface  and  incorporation  of  noble  gases 
in  the  film  interior  can  be  sufficiently  suppressed  by  using 
Xe  instead  of  Ar  as  the  sputtering  gas.2 

The  suppression  of  the  particle  bombardment  and  the 
increase  of  kinetic  energy  of  sputtered  atoms  arriving  at  film 
surface  caused  the  significant  decrease  of  critical  Ts  for 
forming  well  c-axis  oriented  crystallites,  of  450  °C  for  Xe 
sputtering  and  about  550  °C  for  Ar  sputtering.1  Films  com¬ 
posed  of  well  c-axis  oriented  BaM  crystallites  were  depos¬ 
ited  at  Ts  as  low  as  475  °C  by  using  mixture  of  Xe,  Ar,  and 
02  as  sputtering  gas. 

II.  EXPERIMENT 

The  sintered  ferrite  plates  with  Fe-excessive  composition 
of  Ba0-6.5Fe203  were  used  as  sputtering  targets,  where  the 
stoichiometric  composition  of  BaM  ferrite  is  BaO-6.0Fe2O3. 
The  mixture  of  Xe,  Ar,  and  02  was  used  as  sputtering  gas 
and  Xe  partial  pressure  PXe  was  varied  in  the  range  of 
0-0.18  Pa,  where  the  total  gas  pressure  and  02  partial  pres¬ 
sure  were  fixed  at  0.20  and  0.02  Pa,  respectively.  At  first,  the 


ZnO  underlayer  with  well  c-axis  oriented  crystallites  was 
deposited  on  the  substrate  of  thermally  oxidized  Si02/Si  wa¬ 
fer,  and  then  400-nm- thick  Ba  ferrite  layer  was  deposited 
successively  on  the  ZnO  underlayer. 

Film  composition  was  analyzed  by  inductive  coupled 
plasma  spectrometry  (ICPS).  Microstructure  of  BaM/ZnO  bi- 
layered  films  were  observed  with  scanning  electron  micro¬ 
scope  (SEM).  Crystallographic  and  magnetic  characteristics 
were  evaluated  by  x-ray  diffraction  (XRD),  vibrating  sample 
magnetometer  (VSM),  and  torque  magnetometer,  respec¬ 
tively. 

III.  RESULTS  AND  DISCUSSION 
A.  Optimization  of  Xe  partial  pressure  PXe 

The  XRD  diagrams  of  all  specimen  films  deposited  at  Ts 
of  600  °C  revealed  the  existence  of  spinel  ferrite  as  well  as 
c-axis  oriented  BaM  ones.  Figure  1  shows  the  PXe  depen¬ 
dences  of  Ba  content  x,  ratio  in  diffraction  intensity  of  spinel 


HG.  1.  />Xe  dependencies  of  Ba  content  x,  and  A05O . 
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(a)  (b)  (c) 


FIG.  2.  SEM  images  of  BaM/ZnO  bilayered  films  deposited  at  PXe  of  (a)  0, 
(b)  0.10,  (c)  0.18  Pa. 


(mmm)  peaks  fs(m mm)  and  dispersion  angle  of  c-axis  orien¬ 
tation  of  BaM  crystallites  A05O,  where  x  of  1.0  corresponds 
to  the  stoichiometric  composition  of  BaM  ferrite  and  the 
fs( mmm)  were  defined  as  follows: 

f  s (mmm)  (^fspinel(mrnm)V(^fBaM(OOn)  ^^spinel(mmm)  » 

where  /Spine,(mmm)  and  /BaM(oo«)  are  the  diffraction  intensity  of 
spinel(mmm)  and  BaM(OOrc). 

The  maximum  value  of  x  of  1.0,  the  minimum  value  of 
A 05O  of  3.4°  and  that  of/j(mmm)  of  0.086  were  attained  at  PXe 
of  0.10  Pa.  The  decrease  of  x  and  the  increase  of  A05O  at  PXe 
below  0.04  Pa  seemed  to  be  caused  by  heavy  bombardment 
of  energetic  Ar  atoms.  Figure  2  shows  the  cross-sectional 
SEM  images  of  the  films  deposited  at  various  PXe .  The  film 
deposited  at  PXe  of  0.10  Pa  had  very  smooth  surface.  Figure 
3  shows  the  PXe  dependencies  of  the  electron  temperature 
(Te)  and  the  electron  density  (Ne)  at  the  anode  ring  mea¬ 
sured  by  Langmuir’s  single-probe  method.  Te  was  almost 
constant  but  Ne  had  minimum  value  at  PXe  of  0.10  Pa.  The 
increase  of  Ne  at  PXe  below  0.04  Pa  and  PXe  above  0.14  Pa 
were  caused  by  enhancement  in  the  degree  of  ionization  of 
the  atmospheric  gases  which  collided  with  energetic  Ar  at¬ 
oms  and  by  an  increase  in  body  plasma  density  originating 
from  the  larger  collision  cross-section  coefficient  of  Xe  than 
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FIG.  3.  PXe  dependencies  of  Te  and  Ne . 
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FIG.  4.  PXe  dependencies  of  4  7 tM5  ,  Hc\\ ,  and  Hcl . 

that  of  Ar,  respectively.  These  results  indicate  that  the  dam¬ 
age  of  film  surface  during  sputtering  was  minimized  at  PXe 
of  0.10  Pa. 

Figure  4  shows  the  PXe  dependencies  of  the  saturation 
magnetization  4  ttM s ,  the  in-plane  and  perpendicular  coer- 
civities,  Hc\\  and  HcX .  At  PXe  of  0.10  Pa,  4  ttMs  took  the 
maximum  value  of  5.1  kG  and  Hc (j  took  a  minimum  value  of 
0.14  kOe  and  then,  Hcl  was  2.4  kOe.  The  value  of  4ttMs  of 
5.1  kG  was  larger  than  that  of  4.8  kG  of  BaM  single  crystal 
with  the  stoichiometric  composition.  47tM^  of  sintered  tar¬ 
gets  used  in  this  study  was  3.7  kG,  much  smaller  than  that  of 
the  specimen  films,  and  that  of  good  crystalline  films  depos¬ 
ited  by  using  targets  with  the  composition  of  BaO-6.0Fe2O3 
and  mixture  of  Ar  and  02  as  sputtering  gas  was  4.6  kG,1 
which  is  rather  smaller  than  that  of  the  specimen  films  in  this 
study.  The  increase  of  4ttMs  seemed  to  be  caused  by  the 
increase  of  Fe  content  and  the  number  of  layers  of  spinel 
blocks  in  the  BaM  unit  cells.  Figure  5  shows  the  PXe  depen¬ 
dences  of  the  effective  uniaxial  anisotropy  constant  K±  and 
the  anisotropy  field  Hk .  The  PXe  dependence  of  KL  corre¬ 
sponds  well  to  that  of  /s(mmm)  as  shown  in  Fig.  1  and  KL 
took  the  maximum  value  of  3.3X  105  J/m3  at  PXe  of  0.10  Pa. 


target:  BaO6.5Fe203 
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FIG.  5.  PXc  dependencies  of  K±  and  Hk  . 
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FIG.  6.  XRD  diagrams  of  BaM/ZnO  bilayered  films  deposited  at  PXe  of 
0. 10  Pa  for  various  Ts . 


It  was  found  that  the  increase  of  K±  corresponds  well  to  the 
increase  of  AttMs  .  These  results  suggest  that  the  increase  in 
Fe  content  and  number  of  layers  of  spinel  blocks  and  the 
excellent  c-axis  oriented  BaM  crystallites  should  increase 
47 tMs  and  K± ,  significantly.  Consequently,  BaM  ferrite 
films  deposited  at  PXe  of  0.10  Pa  with  Fe-excessive  targets 
may  be  suitable  for  the  perpendicular  magnetic  recording 
media. 

B.  Deposition  at  lower  substrate  temperature  Ts 

Figure  6  shows  the  XRD  diagrams  of  BaM/ZnO  bilay¬ 
ered  films  deposited  at  various  Ts .  It  was  found  that  the  BaM 
ferrite  film  composed  of  well  c-axis  oriented  crystallites  was 
obtained  even  at  Ts  as  low  as  475  °C.  The  decrease  of  critical 
Ts  for  depositing  the  films  seemed  to  be  attributed  to  the 
plasma-free  film  surface  and  the  moderate  arrival  energy  of 
sputtered  atoms  at  PXe  of  0.10  Pa.  Figure  7  shows  the  Ts 
dependencies  of  47rM^,  Hcll  and  Hcl  of  the  films  deposited 
at  various  Ts .  AttMs  of  4.7  kG  was  obtained  even  at  Ts  of 
475  °C,  of  which  the  value  is  almost  same  value  as  that  of 
BaM  ferrite  single  crystal.  These  results  indicate  that  the 
higher  Fe  content  promoted  the  formation  of  spinel  blocks  of 
several  monolayers  during  the  initial  growth,  which  causes 
the  crystallization  of  Ba  ferrites  at  much  lower  temperature 
than  pure  BaM  crystallites,  and  subsequently  results  in  the 
decrease  of  critical  Ts . 
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FIG.  7.  Ts  dependencies  of  AttMs  ,  Hdl ,  and  Hcl 


Even  at  lower  Ts  of  475  °C,  the  sufficient  magnetic 
properties  seemed  to  be  attained  by  sputtering  of  Fe- 
excessive  BaM  ferrite  targets  at  PXe  of  0.10  Pa. 

IV.  CONCLUSIONS 

In  this  study,  BaM  ferrite  films  composed  of  well  c-axis 
oriented  crystallites  were  deposited  by  using  the  mixture  of 
Xe,  Ar,  and  02  as  sputtering  gas  and  the  Fe-excessive  BaM 
ferrite  plates  as  targets.  The  obtained  results  were  as  follows: 

(i)  The  plasma  damage  of  the  growing  film  surface  was 
significantly  suppressed  at  PXe  of  0.10  Pa. 

(ii)  The  suppression  of  plasma  damage  and  the  formation 
of  spinel  block  layer  in  initial  growth  due  to  higher  Fe  con¬ 
tent  seemed  to  cause  the  promotion  of  excellent  c-axis  ori¬ 
ented  crystallites  and  the  decrease  of  critical  Ts  for  crystal¬ 
lization  down  to  475  °C. 

(iii)  The  higher  Fe  content  in  the  films  increased  4  ttM s  . 
As  a  result,  4ttMs  of  5.1  and  4.7  kG  were  obtained  for  the 
films  deposited  at  Ts  of  600  and  475  °C,  respectively. 

These  results  suggest  that  the  further  improvements  of 
magnetic  characteristics  of  BaM  ferrite  films  will  be 
achieved  by  increasing  Fe  content  as  high  as  possible  and  by 
adjusting  PXe,  PAr,  and  P0?  to  optimum  values. 

1 M.  Matsuoka,  Y.  Hoshi,  M.  Naoe,  and  S.  Yamanaka,  IEEE  Trans.  Magn. 
MAG-18,  1119  (1982). 

2B.  Window,  J.  Vac.  Sci.  Technol.  A  11,  1522  (1993). 

3N.  Matsushita,  K.  Noma,  and  M.  Naoe,  IEEE  Trans.  Magn.  MAG-30, 
4053  (1994). 
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Characterization  of  Fe17R2  phases  (R=Pr  and  Sm)  oxidized  at  200  °C 

S.  Gama,  C.  A.  Ribeiro,  F.  A.  O.  Cabral, a)  C.  C.  Colucci,  E.  de  Morais,  N.  L.  Sanjurjo, 

C.  Campos,  J.  D.  Ardisson,b)  and  A.  I.  C.  Persianob) 

Institute*  de  Fisica  Gleb  Wataghin,  Universidade  Estadual  de  Campinas- UNICAMP,  Caixa  Postal  6165,  13 
083-970  Campinas,  SP,  Brazil 

The  results  of  oxygen  absorption  in  temperatures  ranging  from  200  to  500  °C  are  reported  for  the 
phases  Fe17R2,  R=Pr  and  Sm.  It  was  observed  that  the  oxygen  saturation  limit  is  temperature 
dependent,  being  of  3  at/fu  at  200  °C,  12.8  at/fu  at  300  °C,  20.3  at/fu  at  400  °C,  and  28.5  at/fu  at 
500  °C.  This  implies  that  above  200  °C  the  phase  is  deeply  altered  by  oxygen  absorption.  Samples 
with  absorption  at  200  °C  were  studied  as  prepared  and  heat  treated  at  500  °C/40  h.  The  results  show 
that  the  heat-treated  samples  consist  of  Fe17R2,  Fe,  and  R203.  Metallographic  examination, 
susceptibility,  and  Mossbauer  spectroscopy  data  support  the  hypothesis  that  the  as-prepared  samples 
consist  of  a  mixture  of  Fe17R2  and  ordered  interstitial  Fe17R2Ox .  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)34308-l] 


I.  INTRODUCTION 

Since  Coey’s1  discovery  that  the  Fe17R2  phases  (R=rare 
earths)  absorb  three  nitrogen  atoms  per  formula  unit  (at/fu), 
it  has  been  shown  that  these  phases  can  absorb  other  inter¬ 
stitials,  e.g.,  hydrogen  and  carbon.  For  all  these  interstitials 
there  occurs  a  lattice  expansion,  preserving  the  same  crystal¬ 
lographic  structure,  but  with  changes  in  the  magnetic 
properties.2  In  the  nitrogen  case,  it  is  observed  a  direct  pre¬ 
cipitation  of  a  nitrogen  saturated  phase,  without  the  forma¬ 
tion  of  any  solid  solution.3 

It  is  expected  that  oxygen  should  have  the  same  behavior 
as  nitrogen  in  regard  to  absorption  by  the  17:2  phases.  We 
studied  previously  oxygen  absorption,  at  600  °C  or  higher, 
by  Fe-Pr  and  Fe~Nd  multiphase  alloys.4,5  The  results  showed 
only  phases  that  were  decomposition  products,  as  mixed  ox¬ 
ides  or  oxides,  none  of  them  magnetically  ordered.  In  the 
present  work  we  describe  results  obtained  for  oxygen  absorp¬ 
tion  conducted  in  the  temperature  range  typical  for  nitrogen 
absorption. 

II.  EXPERIMENT 

The  Fe17Sm2  samples  were  obtained  from  Goldschmidt 
Co.  (Germany)  in  powder  form.  In  the  case  of  Fe17Pr2,  the 
samples  were  arcmelted  in  argon  and  heat  treated  at  1000  °C 
during  ten  days,  and  turned  into  powder.  The  samples  were 
sieved  to  have  particle  sizes  in  the  range  32-50  fim.  Gas 
absorption  was  done  in  a  Sieverts  apparatus,  with  strict  tem¬ 
perature  control  through  a  type  K  thermocouple  inside  the 
reactor  chamber.  As  the  absorption  is  strongly  exothermic, 
gas  was  admitted  in  small  amounts  each  time,  never  allowing 
the  sample  temperature  to  deviate  from  the  reactor  tempera¬ 
ture.  Absorptions  were  done,  from  partial  to  saturation  con¬ 
centrations  at  200,  250,  300,  400,  and  500  °C.  Some  of  the 
samples  were  heat  treated  at  500  °C/40  h  in  quartz  ampoules 
under  high-purity  argon. 

Samples  were  analysed  by  metallography,  by  ac  thermo- 
magnetic  analysis  (TMA),  by  x-ray  diffraction  using  Fe  Ka 


a)Departamento  de  Fisica,  Centro  de  Ciencias  Exatas,  UFRN,  Natal,  RN, 
Brazil. 

b'Departamento  de  Fisica,  ICEX-UFMG,  Belo  Horizonte,  MG,  Brazil. 


radiation,  and  magnetic  measurements  at  room  temperature 
using  a  vibrating  sample  magnetometer  (VSM).  Also  absorp¬ 
tion  in  a  Netzsch  thermogravimetric  analyser  (TGA)  using 
heating  rate  as  low  as  0.2  °C/min  up  to  800  °C  in  flowing 
oxygen  has  been  done.  We  did  also  Mossbauer  spectroscopy 
measurements  at  room  temperature. 

III.  RESULTS  AND  DISCUSSIONS 

Our  observations  show  that  the  Fe17R2  phases  (R=Sm 
and  Pr)  can  absorb  large  amounts  of  oxygen.  At  200  °C  the 
samples  absorb  up  to  3  at/fu.  This  is  similar  to  what  is  ob¬ 
served  in  the  nitrogen  case,  the  difference  being  that  nitrogen 
absorption  takes  place  at  higher  temperatures  (300  °C).  As 
the  temperature  increases,  the  oxygen  saturation  limit  in¬ 
creases  dramatically.  So,  at  300  °C  saturation  occurs  at  12.8 
at/fu,  at  400  °C  at  20.3  at/fu,  and  at  500  °C  at  28.5  at/fu.  This 
last  result  is  confirmed  by  the  TGA  experiment,  in  which  the 
total  gas  absorbed  amounted  to  29  at/fu.  This  indicates  that 
for  absorption  temperatures  above  200  °C  the  original  17:2 
phase  is  profoundly  altered.  Similar  results  were  obtained  for 
the  Pr  case.  For  this  reason,  we  concentrated  this  work  on  the 
samples  of  the  two  materials  with  absorption  temperature  of 
200  °C.  Samples  with  oxygen  nominal  contents  of  0.5,  1.0, 
1.5,  2.0,  2.5  at/fu  and  saturation  were  prepared. 

The  microstructure  of  a  partially  oxygenated  sample  at 
200  °C  [Fig.  1(A)]  is  similar  to  a  partially  nitrogenated  one 
at  500  °C  or  higher  temperature.3  It  presents  a  diffusion  mi¬ 
crostructure  of  the  shell-core  type,  but  it  can  be  clearly  seen 
that  diffusion  along  phase  and  grain  boundaries  is  competing 
with  bulk  diffusion.  TMA  results  (Fig.  2)  indicate  that  for 
partial  absorptions  we  have  the  signature  of  the  oxygen-free 
17:2  phase  and,  beginning  at  300  °C,  a  marked  susceptibility 
increase,  leading  to  a  maximum  at  or  above  500  °C.  We  note 
that  this  maximum  does  not  appear  in  the  cooling  part  of  the 
TMA  curve. 

Comparing  visually  the  samples  before  and  after  the 
TMA  runs  and  after  heat  treatment,  it  is  seen  clearly  a  re¬ 
markable  color  change.  They  change  from  dark  gray  after 
oxidation  to  metallic  gray  after  heat  treatment  or  TMA  mea¬ 
surement.  Comparing  the  microstructures  of  the  as-prepared 
and  the  TMA  samples,  we  see  a  big  modification  of  the  origi- 
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FIG.  1.  Microstructures  of  Fe17Sm2  samples,  with  oxygen  absorption  at 
200  °C  (a)  as-prepared,  (b)  TMA  measured  up  to  700  °C. 

nal  microstructure.  The  powder  particles  in  the  TMA  samples 
are  now  almost  homogeneous  [Fig.  1(B)].  This  suggests  that 
the  heating  allows  a  redistribution  of  oxygen  in  the  sample, 
as  expected  for  the  case  of  formation  of  an  oxygen  solid 
solution.  To  verify  this  effect,  we  took  the  samples  and  heat 
treated  them  at  500  °C/40  h  in  argon  atmosphere. 

The  microstructures  of  the  heat-treated  samples  turned 
out  to  be  very  similar  to  the  TMA  ones.  Thermomagnetic 
analysis  of  the  heat-treated  samples  show  only  the  presence 
of  the  oxygen-free  phase,  with  no  maximum  around  500  °C, 
and  the  curves  are  now  reversible. 

We  also  obtained  x-ray  diffraction  data  for  the  as- 
prepared  and  heat-treated  samples.  The  data  show  that  the 


TMA  -  Fe17Sm202 


as-prepared  samples  maintain  the  same  diffraction  patterns 
as  the  phase  not  oxidized;  no  change  in  peak  positions  or 
peak  widths  are  observed,  neither  the  presence  of  some  extra 
phase.  It  seems  that  the  oxygen  has  no  noticeable  effect  in 
the  lattice  parameters.  The  data  for  the  heat-treated  samples 
show  that  these  samples  consist  mainly  of  the  17:2  phase, 
pure  Fe  and  probably  Sm203.  The  x-ray  data  for  the  se¬ 
quence  of  samples  show  that,  with  increasing  oxygen  con¬ 
tent,  the  Fe  amount  increases  and  the  Fe17R2  amount  de¬ 
creases.  This  is  also  confirmed  by  Mossbauer  measurements. 

These  results  led  to  the  conclusion  that  holding  these 
samples  at  high  temperatures  for  long  times,  as  during  heat 
treatments,  or  for  short  times,  as  in  a  TMA  measurement, 
brings  out  a  decomposition  of  the  phase  into  pure  Fe  and 
R203,  which  can  be  described  by  the  reaction: 

Fe17R2+3/2  02-*17  Fe+R203.  (1) 

We  note  that  in  this  reaction  the  number  of  oxygen  at¬ 
oms  per  formula  unit  of  the  original  17:2  phase  is  exactly  3. 
This  is  also  the  saturation  number  for  the  200  °C  absorption 
temperature.  This  observation  rises  the  question:  is  the  oxy¬ 
gen  entering  interstitially  in  the  phase,  or  it  reacts  with  the 
phase  at  once  according  to  the  above  reaction?  Three  obser¬ 
vations  indicate  that  there  is  formation  of  an  interstitial  solid 
solution.  First,  the  radical  change  in  the  microstructures  after 
heating  the  samples.  The  samples  become  more  or  less  ho¬ 
mogeneous,  and  this  requires  that  the  oxygen  is  stored  inter¬ 
stitially  in  the  lattice  of  the  phase,  and,  opposite  to  what 
happens  in  the  nitrogen  case,  the  oxygen  must  have  high 
mobility,  so  that,  during  the  heating,  it  is  able  to  spread  all 
over  the  grains,  react  with  the  phase  and  decompose  it.  The 
second  observation  is  coming  from  the  TMA  curve.  It  shows 
a  notable  increase  in  the  susceptibility,  beginning  at  300  °C. 
This  has  no  parallel  in  the  nitrogen  case,  and  can  be  ex¬ 
plained  identifying  the  beginning  of  the  increase  in  the  TMA 
curves  with  the  beginning  of  iron  precipitation  in  very  fine 
form  in  the  microstructure.  The  susceptibility  then  increases 
until  all  oxygen  reacts  and  the  corresponding  free  iron  pre¬ 
cipitates.  This  is  an  irreversible  process,  and,  accordingly,  so 
are  the  TMA  curves  for  the  as  prepared  samples.  The  suscep¬ 
tibility  decrease  observed  around  500  °C  probably  arises 
from  the  temperature  variation  of  the  Fe  susceptibility,  or 
from  a  phase  that  is  a  decomposition  product,  not  yet  iden¬ 
tified.  The  uniformity  of  the  observed  heat-treated  or  TMA 
microstructures  is  attributed  to  this  Fe  and  Sm203  precipita¬ 
tion  in  very  fine  scale.  This  same  fine  precipitation  has  been 
observed  in  the  oxidation  process  for  the  Fe14Nd2B  phase.6 
These  observations  imply  that  if  oxygen  absorption  is  in¬ 
creasing  the  Curie  temperature,  as  happens  with  the  other 
interstitials  (H,  C,  and  N),2  we  can  not  see  it  because  the  very 
measuring  process  prevents  us  from  obtaining  its  value. 

The  third  observation  comes  from  Mossbauer  measure¬ 
ments,  particularly  clear  for  the  case  of  Pr,  in  which  case  the 
unoxidized  phase  is  paramagnetic  at  room  temperature.  The 
Mossbauer  spectra  was  fitted  using  the  doublet  characteristic 
of  the  unoxidized  phase,  plus  a  broad  hyperfine  field  distri¬ 
bution  and  a  set  of  four  sextets  corresponding  to  an  ordered 
phase  (with  spectral  areas  approximately  proportional  to 
6:6:3:2).  The  existence  of  the  hyperfine  field  distribution  can 
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be  best  interpreted  as  the  formation  of  an  oxygen  solid  solu¬ 
tion,  distinct  from  the  unoxidized  phase.  The  hyperfine  pa¬ 
rameters  obtained  from  fitting  the  four  sextets,  taking  ac¬ 
count  of  the  iron  present,  show  hyperfine  fields  of  35.5,  33.8, 
32.0,  and  38  T  that  can  be  associated  with  the  6/,  6/z,  3 d, 
and  2c  iron  sites,  respectively,  using  the  hypothesis  that  we 
are  dealing  with  a  17:2  phase.  In  the  moment,  there  is  no 
firm  justification  for  this  supposition,  and  the  data  can  be 
interpreted  also  as  belonging  to  a  mixed  oxide,  as  yet  not 
identified. 

IV.  CONCLUSIONS 

We  can  conclude  that: 

(1)  The  phases  Fe17R2,  R=Pr  and  Sm,  can  absorb  oxy¬ 
gen  from  200  °C  up  to  500  °C,  with  saturation  values  in¬ 
creasing  with  the  absorption  temperatures. 

(2)  At  200  °C,  most  probably  the  oxygen  is  absorbed 
interstitially,  affecting  the  magnetic  properties  as  do  the  other 
interstitials.  At  higher  absorption  temperatures,  the  original 
phase  is  profoundly  altered  already  during  the  absorption 
process. 

(3)  For  the  200  °C  samples,  heating  as  in  heat  treat¬ 
ments  or  TMA  measurements  homogenizes  the  microstruc¬ 
tures  and  leads  to  a  very  fine  scale  precipitation  of  pure  Fe 
and  Sm203.  This  prevents  the  determination  of  the  Curie 
temperature  for  the  oxidized  phase. 


(4)  Metallographic  analysis,  TMA,  and  Mossbauer  spec¬ 
troscopy  measurements  all  point  to  the  existence  of  an  or¬ 
dered  interstitial  phase. 
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The  influence  of  the  magnetization  process  of  the  stripe  domain  both  on  the  linearity  error  and  the 
temperature  dependence  of  the  sensitivity  in  (BiGdY)3Fe5012  films  for  optical  magnetic  field 
sensors  are  studied.  By  measuring  the  dc  applied  field  dependence  of  the  light  beam  diffraction 
angle  by  the  periodic  magnetic  domain  structure,  the  domain  period  and  the  reduced  thickness  r 
were  determined.  The  magnetization  curves  calculated  for  the  measured  r  parameter  show  good 
agreement  with  the  experimental  results  on  the  output  characteristics.  The  linearity  error  of  the  ac 
Faraday  output  were  within  ±1%  in  the  external  field  ranging  of  10-300  Oe.  However,  a  large 
linearity  error  was  observed  in  the  small  field  range.  It  was  also  found  that  the  sensitivity  is  not 
affected  by  the  temperature  dependence  of  the  r  parameter.  ©  1996  American  Institute  of  Physics. 
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I.  INTRODUCTION 

With  recent  developments  in  optical  magnetic  field  (cur¬ 
rent)  sensors  based  on  Faraday  effect,  there  has  been  consid¬ 
erable  demand  for  applying  these  sensors  to  electric  power 
systems  such  as  power-delivery  systems  to  measure  current, 
and  to  monitor  the  condition  of  these  lines.1  Hence,  high 
sensitivity  and  high  accuracy  in  a  wide  magnetic  field  range 
are  required.  It  is  expected  that  rare-earth  iron  garnets,  espe¬ 
cially  Bi-substituted  rare-earth  iron  garnets  [hereafter,  re¬ 
ferred  as  (BiR)  IG]  have  high  sensitivity  constants  because 
of  a  large  Faraday  rotation  angle.  But,  recently,  an  attribution 
of  Faraday  loops  to  the  light  beam  diffraction  by  the  stripe 
magnetic  domain  structure  of  garnet  films  has  been 
demonstrated.2 

We  have  previously  reported  the  experimental  results  on 
the  temperature  dependence  of  the  sensitivity  in  detecting 
only  the  zeroth-order  diffraction  beam  from  (BiR)  IG.3  And, 
we  have  also  reported  on  Gd- substituted  (BiY)  IG  films  with 
a  minimal  temperature  dependence  of  the  sensitivity. 

In  this  work,  the  influence  of  the  domain-wall- 
magnetization  process  both  on  the  linearity  error  and  the 
temperature  dependence  of  sensitivity  in  magneto-optical 
(BiGdY)  IG  films  are  studied. 

II.  EXPERIMENTS 

(BiGdY)  IG  films  were  grown  on  (lll)-oriented 
(GdCa)3(MgZrGa)5012  substrates  by  means  of  a  liquid- 
phase-epitaxial  (LPE)  dipping  technique  with  a  horizontal- 
rotation  mode.  A  Pb0-Bi203-B203  system  was  employed  as 
a  solvent  and  B203-rich  melts  were  used  to  obtain  highly 
Bi-substituted  films.4  The  chemical  composition  of  the  pre¬ 
pared  films  was  determined  by  electron-probe  microanalysis. 

The  applied  magnetic-field  dependence  of  the  stripe- 
domain  period  and  its  temperature  dependence  were  mea¬ 
sured  from  the  first-order  diffraction  angle  of  the  He-Ne 


laser  beam  to  determine  the  reduced  thickness  r  which  was 
introduced  by  Kooy  and  Enz5  for  the  theoretical  calculation 
of  the  magnetization  curves.  And,  the  linearity  error  mea¬ 
surements  in  the  zeroth-order  diffraction  beam  were  made 
using  850  nm  GaAlAs  LED  light  which  propagates  parallel 
to  the  external  dc  or  ac  field. 


III.  RESULTS  AND  DISCUSSION 


Figure  1  shows  the  schematic  structure  of  the  stripe  do¬ 
main  assumed  for  the  (lll)-LPE-(BiGdY)  IG  film.  The  mag¬ 
netization  Ms  inside  the  domain  is  indicated  by  arrows.  The 
stripe  domain  acts  as  a  binary  magnetic  grating6  as  shown  in 
Fig.  1.  In  our  case  of  the  zeroth-order  diffraction-beam  de¬ 
tection,  the  Jones  vector  of  the  electric  field  of  the  output 
light  wave  according  to  the  domain-wall  displacement  is 
given  by 
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FIG.  1.  Model  of  the  stripe  domain  structure. 
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H/4  7i  Ms  H/47T  Ms 

FIG.  2.  Calculated  curve  and  measurement  results  of  the  stripe  domain  FIG.  4.  Sensor  output  intensity  vs  normalized  dc  external  field.  (•)  Show 
period  as  dependent  on  the  normalized  external  field.  measured  results  and  solid  lines  show  calculated  results  by  Eq.  (1). 
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where,  the  action  of  the  analyzer  on  the  polarization  state  of 
the  zeroth-order  diffraction  wave  is  described  by  2X2  matri¬ 
ces.  And  in  this  case,  the  analyzer  is  at  an  angle  of  45°  with 
respect  to  the  polarizer.  The  Faraday-output  intensity,  defined 
by  the  equation  p  =  l/2(|£j2+  |£y|2),  is  given  by 

P(H)/P(  0)  =  [  1  +  (M/Ms)  tan(  6Fd)]2,  (2) 

where,  P(H)  is  normalized  by  P(0).  And  M,  Ms ,  0F,  and  d 
are  the  magnetic  moment  induced  by  the  external  magnetic 
field,  the  saturation  magnetization,  the  Faraday-rotation 
angle,  and  the  film  thickness,  respectively.  The  normalized 
magnetization  of  M/Ms  in  Eq.  (2)  is  given  by 

k  =  M/Ms  =  (&>!-  (o2)/(a>  i  +  o>2),  (3) 

where,  and  o>2  are  widths  of  the  domains,  respectively, 
parallel  and  antiparallel  to  the  direction  of  the  external  field 
H.  The  domain  widths  in  arbitrary  stage  of  magnetization 


can  be  determined  from  the  equilibrium  condition  to  mini¬ 
mize  the  total  magnetic  energy  E  for  unit  area  of  the  film,5 
and  E  is 

E  =  EW+EH+Ed ,  (4) 

where  Ew ,  EH,  and  Ed  are  the  wall  energy,  the  potential 
energy  and  the  demagnetizing  energy,  respectively.  Under 
these  conditions,  theoretical  magnetization  curves  for  the  pa¬ 
rameter  of  the  reduced  thickness  r  can  be  obtained,  and  r  is 
defined  by 

t=  772(1  +  fim)ll2M  sdll2/(26)m,  (5) 

where  a  is  the  specific  wall  energy. 

The  observed  external  field  dependence  of  the  domain 
periods  are  plotted  in  Fig.  2.  The  theoretical  curve  is  ob¬ 
tained  with  the  parameter  values  of  t=100±2  which  can  be 
determined  from  the  domain  period  at  H/4ttMs  =  Q.  And  to 
take  account  of  the  ji  effect,  ^1/2=(1 +27rM2/jf£H)1/2=2.2 
for  (BiGdY)  IG  was  used,  since  the  growth  induced  anisot¬ 
ropy  Ku  is  about  4X104  erg/cm3,7  and  Ms~  132  Gauss.  The 
calculated  magnetization  curves  for  r=100  are  shown  in  Fig. 
3,  and  the  ratio  of  HJAttM s  =  0.92  is  obtained,  where  Hs  is 
the  saturation  magnetic  field.  The  cause  of  the  deviation  of 
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FIG.  3.  Calculated  magnetization  curve  for  r=  100. 
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FIG.  5.  Minor  hysteresis  loop.  The  insets  show  the  result  of  the  spectrum 
analysis. 
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FIG.  6.  Linearity  error  of  the  Farady  output.  The  insets  show  the  nonlinear 
ac  output  characteristics  in  the  small  external  field  region. 


the  experimental  results  from  the  calculated  results  of  the 
domain  period  is  expected  to  the  influence  of  the  small  wall 
coercive  force. 

The  output  characteristics  as  a  function  of  the  applied  dc 
field  by  Eq.  (2)  is  analyzed.  The  calculated  results  by  Eq.  (2) 
are  represented  by  a  solid  line  in  Fig.  4.  The  measured  results 
are  in  good  agreement  with  the  calculated  results  and  it  is 
experimentally  confirmed  that  the  domain  wall  displacement 
is  the  dominant  magnetization  process  in  (BiGdY)  IG  film. 

Figure  5  shows  the  minor  hysteresis  loop  to  evaluate  the 
ac  output  linearity.  A  good  linearity  characteristics  in 
(BiGdY)  IG  films  is  obtained,  and  it  can  also  be  found  from 
the  results  of  the  spectrum  analysis  which  shows  the  higher- 
order  amplitude  is  less  than  -40  dB,  as  shown  in  the  inset  of 
Fig.  5.  Figure  6  also  shows  the  experimental  results  of  the 
linearity  error  of  less  than  ±1%  over  the  applied  field  rang¬ 
ing  from  10  Oe  to  300  Oe.  But  a  large  linearity  error  at  the 
small  external  field  region  is  obtained.  It  is  considered  that 
the  effect  of  the  domain-wall  coercive  force  of  the  order  of 
0.5  Oe  appeared  sensitively.  So  to  explain  this  large  nonlin¬ 
earity  phenomena  quantitatively,  it  is  necessary  to  calculate 
the  magnetization  curves  and  the  minor  loops8,9  which  takes 
the  effect  of  the  small  wall  coercive  force  into  account.  The 
present  sensors  for  power-delivery  systems,  the  higher  field 
range  than  10  Oe  (for  example,  15-150  Oe)  is  used,  but 
improvement  of  the  large  linearity  error  in  the  lower  field 
range  is  necessary  to  realize  the  wide  range  optical  magnetic 
field  sensors  such  as  a  optical  wattmetter. 

In  previous  paper,3  the  temperature  dependence  of  sen¬ 
sitivity  C(T)  were  studied  in  terms  of  0F{T)  and  MS(T). 
The  experimental  results  (■)  and  the  calculated  results  (solid 
line)  are  shown  in  Fig.  7.  However,  the  influence  of  the  tem¬ 


Bi1.3Gdo.43Y  1.27FC50 12 


Temperature  (K) 

FIG.  7.  Experimental  results  of  the  temperature  dependence  of  sensitivity 
C(T)  and  r  parameter.  Calculated  results  of  k(T)  variation  related  to  t(T) 
are  also  represented. 

perature  dependence  of  t(T)  on  C(T )  have  not  been  taken 
into  consideration.  The  measured  results  of  r(T)  and  the 
calculated  results  of  the  deviation  of  k(T)  at  h  =  0.1  for  the 
obtained  r(T)  values  are  plotted  in  Fig.  7  too.  From  these 
results  it  can  be  found  that  k(T)  has  very  small  temperature 
dependence  within  ±0.1%  in  the  temperature  ranging  of 
290-400  k,  and  the  influence  on  C(T)  is  very  small. 

IV.  CONCLUSION 

Bi-substituted  rare-earth  iron-garnet  films,  (BiGdY)  IG 
for  optical  magnetic-field  sensors  were  prepared  by  LPE 
method. 

From  the  measurement  of  the  applied-field  dependence 
of  the  domain  period,  the  reduced-thickness  parameter, 
r=100±2  was  obtained.  Using  this  value  of  r,  the  magneti¬ 
zation  curves  were  calculated  following  the  stripe-domain 
theory  by  Kooy  and  Enz.  These  curves  show  good  agreement 
with  the  sensor  output  characteristics.  However,  in  the  weak 
external  field  region,  a  large  linearity  error  was  observed.  It 
was  estimated  that  the  origin  of  this  phenomena  is  the  small 
coercive  force,  but  more  detailed  investigations  are  required. 

As  another  result,  it  was  found  that  the  sensitivity  is  not 
affected  by  the  temperature  dependence  of  the  r  parameter. 
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I.  INTRODUCTION 

With  new  techniques  developed  to  prepare  ferrite  thin 
films,1-3  magnetic  oxides  again  become  potential  candidates 
for  the  magneto-optical  (MO)  recording  material.  Barium 
ferrite  films  have  a  marked  uniaxial  anisotropy  and  good 
squareness  of  in-plane  hysteresis  loop  but  the  MO  response 
remains  quite  poor.  However  it  has  been  reported  that  the  Co 
or  Ni  substitution  in  ferrites  enhances  the  Kerr  and  Faraday 
rotations 4-6  The  enhancement  factor  of  specific  Faraday  ro¬ 
tation  (FR)  at  496  nm  wavelength  is  as  large  as  2X104 
deg  cm”Vjc  for  Ba^MJFe^-xNijO^  films,  where  M  is  La 
or  Pr  which  is  substituted  for  Ba2+  ions  for  charge  compen¬ 
sation  and  enhances  no  FR  in  the  barium  ferrite.4 

As  for  the  origin  of  the  MO  enhancement  of  the  Ni  sub¬ 
stitution,  to  our  knowledge,  up  to  now  there  is  still  a  lack  of 
theoretical  study.  However,  the  origin  of  the  MO  enhance¬ 
ment  of  the  Co2+  ions  in  ferrites  has  been  discussed  by  some 
authors.5-7  They  attributed  the  MO  enhancement  of  the  Co2+ 
ions  to  the  d-d  electric  dipole  (ED)  transitions.  They  think 
that  a  finite  transition  probability  could  be  produced  due  to 
some  reasons.  First,  the  Co2+  ions  in  some  ferrites  have  no 
center  of  symmetry.  The  odd-parity  crystal  potential  terms 
mix  higher-lying  p  orbitals  into  the  d  orbitals  producing  a 
finite  transition  probability.  Second,  the  excited- state  hybrid¬ 
ization  with  ligands  also  produces  a  finite  transition  probabil¬ 
ity.  Such  transition  is  usually  called  a  charge-transfer  transi¬ 
tion.  However,  it  is  worthwhile  to  examine  if  the  intraionic 
ED  transitions  between  the  3  dn  and  3dn~x4p  configurations 
of  the  Ni2+  and  Co2+  ions  have  large  contribution  to  the  MO 
effect  in  magnetic  oxides  containing  cobalt  or  nickel.  In  this 
paper,  the  calculation  of  the  contribution  of  such  transition  in 
the  Ni2+  ions  to  the  MO  effect  in  Ni-substituted  barium  fer¬ 
rite  is  presented. 


II.  THEORY  AND  CALCULATION 

To  calculate  the  contribution  of  the  intraionic  ED  transi¬ 
tions  between  the  ground  and  the  parity  allowed  excited  con¬ 
figurations  to  the  MO  effect,  it  is  necessary  to  calculate  the 
splitting  of  these  configurations  under  the  crystal  electric 
field  (CF)  and  superexchange  interaction. 

The  Hamiltonian  of  the  Ni2+  ion  in  the  crystal  is 

H=H0  +  HSO+HC+HCX,  (1) 

where  Hso  is  the  spin-orbit  interaction,  H0  +  Hso  is  the 
Hamiltonian  of  a  free  Ni2+  ion,  Hc  is  the  CF  Hamiltonian 
and  Hqx  is  the  superexchange  interaction.  Hc  can  be  ex¬ 
pressed  as 

(2) 

i  kq 

where  A  kq  is  the  CF  parameter.  In  our  calculation,  the  value 
of  (r2)3d>  (r4)3d>  (  r2)4p  and  (r)3d4p  are  determined  with  the 
Slater  radial  wave  function.  The  CF  parameters  are  calcu¬ 
lated  with  the  point-charge  model  and  only  the  contribution 
of  the  nearest  neighboring  O2-  ions  is  considered.  In  the 
barium  ferrite,  the  Fe3+  ions  occupy  2a,  2b,  4 /l5  4 /2,  and 
12 k  crystal  sites.  The  nonzero  parameters  of  the  CF  upon  the 
Ni2+  ion  substituting  the  Fe3+  ion  at  the  2b  site  are: 
&2o{r2)3d=  - 14966  cm-1,  A40<r%=  13197  cm"1, 

A2Q{r2)4p— ~663%6  cm-1.  Here  the  z  axis  is  taken  to  be 
along  the  sixfold  symmetric  axis  of  the  crystal.  The  CF- split 
energy  levels  and  the  corresponding  wave  functions  of  the 
ground  configuration  are  obtained  by  solving  the  following 
secular  equation, 

\\(JJz\Hso+Hc\J'J[)-E08jj,SJzA=0.  (3) 
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TABLE  I.  The  energies  and  the  occupation  probabilities  at  300  K  of  the 
lowest  four  CF-  and  exchange- interaction- split  levels  of  the  3d8  configura¬ 
tion  for  the  Ni2+  ions  at  the  2b  site. 


Energy  (cm  J)  —3948.3  —2963.7  —2909.2  —2897.0 

Probability  0.976  0.009  0.007  0.006 


The  lowest  two  terms  of  the  3  d%  configuration  are  3F 
and  3P.  The  mean  energy  of  the  3P  term  is  15  936  cm  1 
larger  than  that  of  the  3F  term.  So,  in  solving  Eq.  (3),  only 
the  various  multiplets  of  the  3F  term  are  included.  The  en¬ 
ergies  of  the  lowest  five  CF-split  levels  of  this  term  for  the 
Ni2+  ion  at  the  2b  site  are  —3456,  —2903.1,  —2194.5,  246.8, 
1340.8  cm-1.  Here  the  energy  of  the  multiplet  3F4  is  taken  to 
be  zero.  All  these  five  levels  are  doubly  degenerate. 

The  Zeeman  splitting  of  the  CF-split  levels  is  calculated 
by  solving  the  following  secular  equation: 

II  ( ^-|  so+  Hc+ Htx\  &j) "  E  SUW  =  0-  (4) 

The  molecular  field  acting  on  the  Fe3+  ions  in  YIG  esti¬ 
mated  by  Guillot  et  al  is  4000  kOe.8  The  Curie  temperature 
of  barium  ferrite  is  higher  than  that  of  YIG.  So  the  molecular 
field  acting  on  the  Ni2+  ions  in  the  barium  ferrite  is  taken  to 
be  5000  kOe.  Then  2juuBHm  is  about  500  cm"1.  This  is  not 
small  compared  with  the  energy  differences  between  the  CF 
levels.  Therefore,  in  general,  the  mixing  of  these  levels  by 
superexchange  interaction  is  not  negligible  and  it  is  consid¬ 
ered  by  us.  The  energies  of  the  lowest  four  CF-  and 
exchange-interaction-split  levels  of  the  ground  term  of  the 
Ni2+  ion  at  the  2b  site  are  shown  in  Table  I.  The  occupation 
probabilities  of  these  levels  at  300  K  are  shown  in  this  table 
as  well. 

The  3d1 4  p  configuration  has  many  terms.  Among  them 
the  terms  allowed  by  the  ED  transition  from  3d8:  3F  term 
are:  3d1(4F)4p:  3G,  3F,  3Z);  3d1(4P)4p:  3Z);  3d\2P)4p: 
3D;  3d1(1Dl)4p:  3F,  3Z>;  3d7(2D2)4p:  3F,  3£>; 

3d1(2F)4p:  3G,  3F,  3D;  3d1(1G)4p:  3G,  3F\  3d7(2H)4p: 
3G.  The  lowest  three  terms  are  3d1(4F)4p:  3G,  3F,  3D. 
Solving  the  following  secular  equation: 

\\(JJz\H0  +  Hso+Hc\J'J'z)-E°8jj,SjzA  =  0,  (5) 

we  have  obtained  the  CF-split  levels  and  the  corresponding 
wave  functions  of  these  three  terms.  The  differences  between 
the  mean  energies  of  these  terms  are  small,  so  in  solving  Eq. 
(5),  the  bra  and  ket  include  various  states  of  these  three 
terms.  The  values  of  the  diagonal  matrix  elements 
(JJZ  |  H0  +  H$0\JJZ)  in  Eqs.  (3)  and  (5)  are  taken  from  the 
book  by  Moore.9  The  energies  of  the  lowest  six  CF-split 
levels  of  these  terms  are:  96  229,  96  380,  99  027,  99  030, 
99  441 ,  99  699  cm"1.  Here  the  energy  of  the  multiplet  3d8: 
3F4  is  taken  to  be  zero.  For  simplicity,  the  energies  of  all 
other  terms  are  supposed  to  be  1 30  000  cm  1 .  The  CF  split¬ 
ting  of  these  terms  is  neglected.  Because  the  CF  splitting  is 
small  compared  with  the  difference  between  the  mean  ener¬ 
gies  of  the  3d8  and  3d74p  configurations,  the  error  due  to 
the  above  approximation  is  small.  The  Zeeman  splitting  of 
the  3d7 4p  configuration  is  also  neglected. 


FIG.  1.  The  specific  FR  contributed  by  the  Ni2+  ions  at  the  2b  site  in 

Baj  -  jM^Fe^-jNijOjg. 


The  FR  per  unit  length  of  the  medium  caused  by  the  ED 
transitions  is  (see  Refs.  10  and  11  and  the  references  therein) 

Af7r(n2  +  2)2 
ep=  9 Tdh 


A 

ng 


ng 


<»2(<»2ng-(o2-r2ng) 

l-co2  +  rl)2  +  4co2T2ng  Ps 


(6) 


(7) 


for  each  type  of  ion  present  in  the  material,  where 

Ang=\(n\V-\g)\2-\(rt\V+\g)\2. 

In  Eqs.  (6)  and  (7),  c  is  the  velocity  of  the  light  in  vacuum, 
o)  the  angular  frequency  of  the  light  wave,  n  an  average 
refractive  index,  for  barium  ferrite,  n«*2.8,12  N  the  number 
of  ions  per  unit  volume,  Tng  the  half- widths  of  resonance 
lines,  |g)  the  CF-  and  exchange-interaction-split  3d8  states 
with  energy  Eg,  \n)  the  3d~4p  states  with  energy  E„,  and 
ha)ng=En-Eg .  V±  are  the  ED  moment  operators  for  right- 
and  left-handed  circularly  polarized  light,  pg  is  the  occupa¬ 
tion  probability  of  the  state  |g).  When  \a>2lg~  co2\>Tlg,  Eq. 
(6)  can  be  reduced  to  the  following  formula:13 


yCTlfl  ng 


(x) 


2  Pg 


(8) 


Both  Eqs.  (6)  and  (8)  are  accurate  at  low  energies. 

The  calculated  FR  contributed  by  the  Ni2+  ions  at  the  2b 
site  at  various  photon  energies  is  shown  in  Fig.  1.  The  FR  at 
496-nm  wavelength  is  1.53X104  deg  cm"1/.*.  The  FR  con¬ 
tributed  by  the  Ni2+  ions  at  the  4 fx  site  is  -1.4X104 
deg  cm"1/.*  at  496  nm.  When  the  Ni2+  ions  are  at  the  2a  or 
the  4/2  site,  the  enhancement  factor  is  small.  It  should  be 
noted  that,  in  our  calculation  the  values  of  (r)3rf4p,  (r2) 3d 
etc.  are  obtained  with  the  Slater  radial  wave  function  of  the 
free  Ni2+  ions.  We  think  that  the  extension  of  the  radial  wave 
function  of  the  Ni2+  ion  in  the  crystal  will  make  the  actual 
enhancement  factor  larger  than  that  given  above.  It  is  worth¬ 
while  to  point  out  that  the  Slater  radial  wave  function  and  the 
point-charge  model  were  used  to  calculate  the  magneto¬ 
crystalline  anisotropy  of  the  barium  ferrite14,15  and  Zn2W 
ferrite.16  As  we  have  done  in  this  paper,  in  calculating  the  CF 
parameters  only  the  effect  of  the  nearest  neighbors  was  taken 
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into  account.  The  calculated  results  can  explain  the  main 
experimental  results  well.  However  the  magnitude  of  the  cal¬ 
culated  magnetocrystalline  constant  Kx  is  smaller  than  the 
measured  one.  This  fact  also  makes  us  believe  that  the  actual 
enhancement  factor  will  be  larger  than  the  value  given 
above.  According  to  Machida  et  al?  and  Gomi  et  al ,4  the  FR 
induced  by  a  Fe3+  ion  in  the  barium  ferrite  is  much  smaller 
than  that  by  a  Ni2+  ion  at  the  2b  or  4 fx  site.  Therefore,  in 
explaining  the  enhancement  by  Ni2+  substitution,  it  has  been 
neglected  to  a  first-order  approximation. 

III.  CONCLUSION  AND  DISCUSSION 

From  our  calculation,  it  is  seen  that  the  intraionic  ED 
transition  between  the  3d8  and  3d1 4p  configurations  is  an 
important  origin  of  the  large  MO  enhancement  of  the  Ni2+ 
ions  in  the  barium  ferrite  when  the  photon  energy  is  larger 
than  about  1.5  eV.  The  Co2+  ions  have  similar  characteristic 
as  the  Ni2+  ions,  and  the  YIG  and  cobalt  ferrite  have  similar 
characteristic  as  the  barium  ferrite.  Therefore  we  think  that 
the  intraionic  ED  transition  between  the  3  d1  and  3d^4p  con¬ 
figurations  may  be  also  an  important  origin  of  the  MO  effect 
contributed  by  the  Co2+  ions  in  such  compounds  in  the 
wavelength  region  mentioned  above.  However,  it  is  found 
that  there  is  a  resonance  frequency  at  about  1500-nm  wave¬ 
length  for  Co-substituted  garnets6  and  a  resonance  frequency 
at  about  900  nm  for  Co^Cdi  „;cCr2S4  ?  They  cannot  come 
from  the  origin  mentioned  above.  Could  they  come  from  the 
d-d  transitions  induced  by  the  odd-parity  crystal  field?  The 
environment  of  the  2b  site  in  the  barium  ferrite  has  no  center 
of  symmetry.  According  to  our  calculation,  the  odd-parity  CF 
upon  the  Ni2+  ions  at  the  2b  site  does  produce  MO  resonance 
around  2.5  eV.  However,  the  component  of  the  4 p  orbitals 
mixed  into  the  d  orbitals  is  so  small  that  the  maximum  value 
of  the  FR  near  the  resonance  frequency  is  about  500 
deg  cm”1/*.  In  our  calculation  the  value  of  hT  is  taken  to  be 
0.05  eV,  which  may  be  too  small.  The  value  of  the  FR  near 
the  resonance  frequency  depends  on  the  value  of  fiY.  So  the 
value  given  above  may  be  larger  than  the  actual  value. 
Therefore,  the  d-d  transitions  induced  by  the  odd-parity  CF 
cannot  explain  the  MO  resonance  phenomenon  of  the  Co2+ 
ions  in  these  compounds  at  long  wavelength  region.  We 
think  that  it  might  come  from  the  charge  transfer  between  the 
Co2+  ions  and  the  ligands. 

As  mentioned  above,  the  Zeeman  splitting  of  the  excited 
configuration  has  been  neglected.  Therefore,  when  a  plane- 
polarized  electromagnetic  wave  propagates  through  the  me¬ 
dium,  the  transition  probabilities  for  the  right-  and  left- 
handed  circularly  polarized  light  between  the  sublevels  of  a 
CF  level  of  the  ground  configuration  and  the  states  of  the 
excited  configuration  are  the  same.  So  there  will  be  no  Far¬ 
aday  effect  if  there  is  no  Zeeman  splitting  of  the  CF  levels  of 
the  ground  configuration,  but  the  Zeeman  splitting  makes  the 


occupation  probabilities  of  these  sublevels  different.  This  re¬ 
sults  in  a  so  called  “paramagnetic”  type  Faraday  effect.  The 
Zeeman  splitting  of  the  excited  configuration  will  lead  to  a 
“diamagnetic”  type  Faraday  effect.  However,  the  energy  dif¬ 
ferences  between  the  CF-split  3d1 4p  states  and  the  lowest 
3  d%  states  are  larger  than  99  000  cm-1,  while  the  Zeeman 
splitting  is  less  than  1000  cm”1,  so  the  diamagnetic  type 
Faraday  effect  is  very  small  and  is  neglected  by  us. 

From  the  calculated  results  given  above,  it  could  be  seen 
that  the  value  of  hoong  is  larger  than  99  000  cm-1,  so  the 
factor  co2l{oo2ng-  co2)  is  very  small  for  the  wavelengths  near 
496  nm.  However,  in  barium  ferrite,  the  molecular  field  upon 
the  Ni2+  ions  is  so  large  that  the  occupation  probability  of 
the  lowest  CF-  and  exchange-interaction- split  level  of  the 
3  ds  configuration  is  close  to  1.  Hence,  the  FR  at  496-nm 
wavelength  is  still  large.  By  the  way,  after  the  estimation  of 
Dionne  et  al.}1  the  molecular  field  upon  the  Fe3+  ions  in 
YIG  is  also  so  large  that  the  occupation  probability  of  the 
lowest  CF-  and  exchange-interaction-split  level  is  close  to  1. 
Furthermore,  for  so  large  a  Zeeman  splitting,  the  calculation 
results  do  not  depend  seriously  on  the  exact  value  of  the 
molecular  field.  These  facts  make  us  believe  that  our  main 
conclusion  is  reliable. 
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A  magneto-optical  method  is  applied  to  investigate  the  influence  of  external  magnetizing  on  second 
harmonic  signal  of  magnetic  reversal  of  in-plane  anisotropic  epitaxial  garnet  film.  The  dependencies 
of  the  width,  slope  and  amplitude  of  curves  recorded  in  “amplitude-easy  axis  magnetic  field 
strength”  coordinates  versus  magnitude  of  ac  longitudinal  and  dc  transversal  magnetic  fields  are 
obtained  and  analyzed.  It  is  shown  that  the  slope  of  transfer  function  reaches  its  maximum  at 
0.7-0.8  Oe  ac  magnetizing  with  very  slow  dependence  from  transversal  magnetic  field.  The 
“amplitude  vs  dc  transversal  field”  dependence  appears  to  have  two  regions  with  rapid  and  slow 
signal  changing  corresponded  to  various  magnetization  mechanisms.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)16208-l] 


Thin  epitaxial  garnet  films  are  the  object  of  investiga¬ 
tions  during  the  past  25  years.  However  available  scientific 
bibliography  shows  that  the  major  part  of  investigations  is 
devoted  to  the  films  with  strong  uniaxial  anisotropy.  As  far  as 
in-plane  anisotropic  garnet  films  are  concerned,  there  is  a 
sufficient  number  of  articles  dealing  with  their  undoubtedly 
attractive  applications — low  magnetic  fields  and  electrical 
currents  measurement,  nonreciprocal  waveguide  elements, 
and  nondestructive  inspection  of  various  magnetic  records. 
However  we  know  of  only  a  few  investigations  describing 
the  magnetizing  processes  of  in-plane  anisotropic  films  in  dc 
and  ac  magnetic  fields,  the  influence  of  external  magnetiza¬ 
tion  on  hysteresis  loop,  and  the  corresponding  mechanisms 
of  magnetic  reversal.1-4  It  is  noted  that  the  corresponding 
phenomena  in  uniaxially  anisotropic  films  are  studied  many 
times  and  in  more  detail. 

The  objective  here  is  the  investigation  of  influence  of 
external  magnetizing  on  a  second  harmonic  signal  of  mag¬ 
netic  reversal  of  epitaxial  garnet  film  with  strong  in-plane 
anisotropy.  A  high  priority  of  this  problem  is  stipulated  on 
the  one  hand  by  complexity  of  magnetization  processes  tak¬ 
ing  place  in  garnet  films  with  “easy  axis  in  plane” 
anisotropy4  as  well  as  the  necessity  of  obtaining  additional 
fundamental  information,  and  on  the  other  hand — by  near- 
term  prospect  to  use  them  in  sensors  and  fiber  optic  devices. 

All  experiments  were  carried  out  with  previously  de¬ 
scribed  5-/wn-thick  epitaxial  (BiLuCa)3(FeGe)5012  film, 
grown  on  a  (lll)-oriented  Gd3Ga5012  single-crystal 
substrate.4  As  is  mentioned  the  film’s  anisotropy  could  be 
characterized  more  adequately  as  “easy  axis  in  plane,”  when 
there  are  two  mutually  perpendicular  easy  and  hard  axes  of 
magnetization  with  saturation  fields  difference  at  least  by  an 
order  of  magnitude  (f.i.  -1  and  10  Oe,  respectively).  The 
influence  of  residual  cubic  anisotropy  results  in  the  appear¬ 
ance  of  sloped  domains.2,4 

The  external  fields  configuration  includes  dc  transversal 
field  Hh  (0-10  Oe),  directed  along  hard  axis  of  magnetiza¬ 
tion,  and  a  combination  of  ac  field  Hx  (300-2000  Hz,  0-3 
Oe)  and  slowly  changing  dc  field  He  (—10  to  +10  Oe)  di¬ 
rected  along  easy  axis  of  magnetization,  as  indicated  in  Fig. 


1.  The  second  harmonic  of  magnetic  reversal  was  recorded  in 
a  standard  magneto-optical  scheme  of  longitudinal  hysteresis 
registration  along  the  easy  axis.4  The  garnet  film  was  placed 
between  two  polarizers  so  that  its  plane  was  titled  at  an  angle 
of  45°  from  the  optical  axis  to  provide  the  magneto-optical 
Faraday  interaction  of  light  with  planar  magnetization. 

We  have  used  as  a  light  source  a  previously  collimated 
near  infrared  LED.  The  linear  output  signal  detection  in  bal¬ 
ance  photodiodes  scheme5  was  provided  using  a  45°  deflec¬ 
tion  of  the  main  axis  of  the  analyzer  from  that  of  the  input 
polarizer.  Thus  the  measured  optical  signal  is  strongly  pro¬ 
portional  to  the  garnet  film  magnetization  averaged  over  the 
light  aperture.  The  second  harmonic  of  the  magnetic  reversal 
signal  from  the  output  of  the  lock-in  amplifier  was  registered 
by  a  two-coordinate  recorder  with  X  input  coupled  to  the 
output  of  a  slow  He  sweeping  generator. 

Figure  2  shows  the  recorded  amplitude  of  second  har¬ 
monic  signal  as  a  function  of  the  magnetic  field  He .  This 
curve  is  universal  only  in  external  appearance  for  most  ferro- 
and  ferrimagnetic  materials.  Figure  3  demonstrates  the  ob- 


Y 


FIG.  1.  The  geometry  of  experiments:  orientation  of  magnetic  fields  and  of 
optical  axis  relative  to  garnet  film  plane:  (1)  the  optical  axis;  (2)  the  garnet 
film. 
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FIG.  2.  Typical  recorded  curve  of  second  harmonic  signal. 

tained  dependencies  of  the  width  W  (a),  slope  Tga  (b),  and 
amplitude  A  (c)  of  recorded  curve  vs  the  amplitude  Hac  of  ac 
magnetizing  along  an  easy  axis  corresponding  to  dc  transver¬ 
sal  magnetizing  of  0,  0.7,  and  1.4  Oe  (the  thin,  middle-thick, 
and  thick  solid  lines,  respectively).  The  greatest  peculiarities 
of  these  are: 

(i)  The  width  and  amplitude  of  the  second  harmonic  sig¬ 
nal  are  monotonously  increasing  functions  of  the  ac  magne¬ 
tizing  field.  Moreover  the  first  ones  appear  to  be  a  nearly 
linear  function  with  no  visible  dependence  from  Hh  so  that 
Fig.  2(a)  displays  the  results  related  only  to  0  and  1.4  Oe  dc 
magnetizing. 

(ii)  The  Tga  dependence  reaches  its  maximum  at  some 
value  of  tfac  around  0.7-0.8  Oe,  slowly  varying  by  changing 
of  transversal  field  Hh  .  It  is  noted  that  the  increase  of  7/ac  is 
accompanied  by  the  decrease  of  slope  dependence  from  Hh  . 

Figure  4  shows  the  dependencies  of  A  vs  Hh  measured  at 
0.4,  0.6,  and  0.8  Oe  of  ac  longitudinal  magnetizing  (the 
thick,  middle-thick,  and  thin  solid  lines,  respectively).  Each 
curve  has  the  central  narrow  maximum  and  the  outlying  wide 
and  gradually  decayed  part.  The  smaller  is  the  value  of  Hac , 
the  sharper  is  the  changeover  at  1.2- 1.5  Oe  from  one  part  of 
the  curve  to  another.  The  origin  of  this  inflection  may  be  the 
correspondent  change  in  magnetization  mechanism.  The  lo¬ 
cation  of  amplitude  maximum  of  second  harmonic  signal  in 
the  He-Hh  plane  does  not  fall  at  great  values  of  Hh  outside 
the  limits  of  the  region  of  horizontal  domains  motion.  How¬ 
ever  at  low  values  of  Hh  there  is  a  region  where  horizontal 
and  sloped  domains  exist  simultaneously.  It  may  result  in 
additional  asymmetry  of  partial  hysteresis  loops  and  be  re¬ 
sponsible  for  more  intensive  amplitude  increase. 

As  far  as  the  frequency  dependence  of  presented  charac¬ 
teristics  is  concerned,  the  magneto-optical  response  de¬ 
creases  slowly  while  increasing  the  frequency  of  ac  magne¬ 
tizing  above  3  kHz.  It  corresponds  qualitatively  to  the  results 
obtained  earlier.6 

We  have  used  the  in-plane  anisotropic  garnet  films  in  the 
R&D  of  the  self-calibrated  dc  current  sensor.7  The  possibility 
of  absolute  zero  determination  in  a  well-known  second  har- 


FIG.  3.  The  dependencies  of  width  (a),  slope  (b),  and  amplitude  (c)  of 
second  harmonic  curves  vs  ac  magnetic  field  oriented  along  easy  axis  of 
magnetization.  The  thin,  middle-thick  and  thick  solid  lines  correspond  to  dc 
transversal  magnetizing  of  0,  0.7,  and  1.4  Oe,  respectively. 


FIG.  4.  The  dependence  of  amplitude  of  second  harmonic  curves  vs  dc 
transversal  magnetic  field.  The  thick,  middle-thick,  and  thin  solid  lines  cor¬ 
respond  to  ac  longitudinal  magnetizing  of  0.4,  0.6,  and  0.8  Oe,  respectively. 
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monic  magnetometer  scheme  and  the  optimized  external 
magnetization  regime  of  our  films  allow  us  to  increase  enor¬ 
mously  the  sensitivity  limit  of  the  conventional  magneto¬ 
optical  sensor  as  well  as  to  avoid  the  problems  associated 
with  zero  drift — very  serious  ones  for  all  known  precise  sen¬ 
sors. 

The  research  described  in  this  paper  was  made  possible 
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The  Faraday  rotation  (FR)  of  scandium  substituted  holmium  iron  garnets  single  crystals 
Ho3Fe5_zScz012  (z=0.35,  0.52,  0.56,  and  0.73)  has  been  investigated  at  1152  nm  wavelength  in  the 
6  K  <  T  <  rN^el  temperature  range  and  magnetic  field  up  to  20  kOe  applied  along  the  [111]  easy 
axis.  At  this  wavelength,  in  a  narrow  concentration  range  (0.5<z<0.6),  in  addition  to  the  classic 
magnetic  compensation  temperature  Tcomp,  the  spontaneous  FR  $>S(T,  z=Cte)  curves  present  two 
magneto-optic  (MO)  compensation  points  Tc0mp(l)  and  7comP(2)  where  the  FR  vanishes  although 
the  ferrite  magnetization  is  different  from  0.  When  z>0.6,  only  7c^p(l)  remains.  These  results,  due 
to  the  influence  of  the  diamagnetic  dilution  of  the  octahedral  [a]  Fe3+  sublattice,  are  interpreted 
using  the  one  ion  FR  model  of  Crossley  et  al  and  the  Dionne-refined  Neel  model  of  garnets.  They 
give  an  indirect  experimental  confirmation  of  the  temperature  dependence  of  the  MO  electric  dipole 
coefficient  Ce(X=1152  nm,  T),  and  of  the  preponderance  of  the  (d)  —  {c}  magnetic  interactions 
compared  to  the  [a]  ~{c}  ones.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  16308-8] 


I.  INTRODUCTION 

Nonmagnetic  substitutions  in  iron  garnets  are  of  great 
interest  both  for  fundamental  studies  and  applications  in  de¬ 
vices  such  as  microwave  and  magneto-optic  (MO)  compo¬ 
nents.  We  presented  recently  the  results  concerning  the  MO 
properties  of  Al3+-substituted  holmium  iron  garnet 
(HoIG:Al)  compounds.1  Al3+  ions  substitute  to  Fe3+  ions  on 
both  tetrahedral  ( d )  and  octahedral  [a]  sites  with  a  large 
tetrahedral  preference.2  In  contrast  Sc3+  ions  substitute  al¬ 
most  exclusively  to  Fe3+  on  octahedral  sites.3,4  The  purpose 
of  this  work  is  thus  to  study  the  influence  of  octahedral  Sc 
substitution  on  the  Faraday-rotation  (FR)  properties  of 
Ho3Fe5_z  Scz012  single  crystals  (0.3<z<0.8).  Their  formula 
can  be  written:  {Ho3}  [Fe2_zScJ  (Fe3)  012  where  {}  repre¬ 
sents  the  rare  earth  dodecahedral  c  sublattice.  The  tempera¬ 
ture  variation  of  the  magnetic  properties  of  heavy-rare-earth 
iron  garnets  presents  two  different  characteristic  tempera¬ 
tures:  rNed  and  7comp.  TN'el  corresponds  to  the  temperature 
transition  to  the  paramagnetic  state  governed  mainly  by  the 
pe3+_pe3+  interactions.5  In  contrast,  the  magnetic  compen¬ 
sation  temperature  Tcomp  strongly  depends  on  the  nature  of 
the  rare  earth  as  the  bulk  magnetization 
Ms=\(Md—Ma)  —  Mc\  vanishes  whereas  Madc  are  differ¬ 
ent  from  zero  (Tcomp=  137  K  in  pure  HoIG6).  At  7comp  the  FR 
changes  its  sign,  keeping  the  same  absolute  value.  In  some 
ferrimagnetic  garnets  (Gd3Fe5012,  for  example),  in  addition 
to  TN{;el  and  Tcomp,  the  temperature  variation  of  the  FR  prop¬ 
erties  at  a  fixed  wavelength  (1152  nm)  presents  also  a  MO 
compensation  point  Tcomp  where  the  FR  is  zero  although  the 
ferrite  magnetization  is  different  from  zero.  To  our  knowl¬ 
edge,  in  the  numerous  literature  devoted  to  the  MO  proper¬ 
ties  of  ferrimagnetic  garnets  pure  or  substituted,  the  presence 
of  at  most  one  p  is  known  to  occur.  We  present  here  the 
results  of  the  MO  properties  of  HoIG:Sc  garnets  single  crys¬ 
tals  with  two  different  7q£* p  at  1152  nm  wavelength  for  the 
same  composition,  giving  a  tentative  interpretation  based  on 


the  one  ion  FR  model  of  Crossley  et  al1  and  the  Dionne- 
refined  Neel  magnetization  model  of  garnets.8’9 

II.  EXPERIMENT 

Using  the  method  of  flux  growth  under  10  bar  of  oxygen 
pressure,  single  crystals  of  composition  Ho3Fe5_zScz012 
with  z=0.35,  0.52,  0.56,  and  0.73  were  synthesized.  The 
scandium  content  was  determined  by  electron  microprobe 
analysis  to  within  ±2%  accuracy.  Polished  platelets  ~  1  mm 
thick  oriented  perpendicular  to  the  [111]  axis  were  obtained 
from  the  “as  grown”  crystals.  FR  measurements  were  per¬ 
formed  at  temperatures  between  6  and  600  K,  under  a  mag¬ 
netic  field  up  to  20  kOe  applied  parallel  to  the  [111]  direction 
at  a  wavelength  of  1152  nm  using  a  modulation  technique. 
This  wavelength  is  situated  in  the  IR  band,  in  the  transpar¬ 
ency  window  of  garnets,  and  the  MO  properties  presented  in 
this  paper  are  mainly  dispersive.  The  FR  isotherms  3>(tf) 
show  a  linear  part  when  H> 4  kOe  for  all  compositions  and 
temperatures.  A  least-squares  fit  of  these  isotherms  using 
+  H  gives  the  spontaneous  FR  T>5(T,z)  and  FR 
susceptibility  xf(  T,z).  The  experimental  accuracy  is  esti¬ 
mated  to  ±2%  for  and  ±  1%  for  . 

III.  RESULTS  AND  DISCUSSION 

The  FR  of  a  three  sublattices  rare  earth  iron  garnet  is 
given  by  Refs.  7,  10,  and  11  (and  references  therein): 

3>s(KT)=±(Ae  +  Am)\Ma\  +  (De  +  Dm)\Md\ 

±(Ce  +  CJ\Mc\.  (1) 

Upper  (lower)  signs  are  valid  for  T<Tcomp  (T> Tcomp). 
Ac  m(X),  De m(X),  and  Cem(X)  are  the  respective  MO  electric 
“e”  and  magnetic  “m”  dipole  coefficients  of  the  [a],  ( d ), 
and  {c}  sublattices  with  magnetizations  Ma  d  C(T).  The  first 
two  terms  of  Eq.  (1)  are  the  contributions  from  the  Fe3+  [a] 
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FIG.  1.  Low  temperature  (T<200  K)  dependence  of  $HoiG:Sc  =0.52  (■), 
i^Yio  sc  (•)  of  same  Sc  concentration,  and  Ho3+  contribution  to  FR  <FHo 
(dotted  line)  at  1152  nm  wavelength. 


and  ( d )  sublattices  which  can  also  be  deduced  experimen¬ 
tally  from  the  FR  at  the  same  wavelength  of  the  correspond- 
j  ■  •  1  10 
ing  YIG  garnet  of  same  composition:  ’ 

<I)HolG'Sc=:  "h<I)YIG:Sc—  +  Cm)\Mc\  H  ^YKhSc^^Ho’ 

(2) 

where  <J>Ho(\,r)  is  the  Ho3+  contribution  to  the  spontaneous 
FR.  We  plotted  in  Fig.  1  the  temperature  variation  of 
<j)^(£=0.52,  \=1152  nm)  when  T<200  K  and  7/ll[lll]  for 
HoIGiSc  and  YIG:Sc  of  same  concentration.  For  HoIGiSc, 
the  characteristic  magnetic  compensation  temperature  Tcomp 
is  72  K  where  <J>5  changes  its  sign.  When  r~40  K  an  inflec¬ 
tion  in  the  temperature  variation  curve  is  indicative  of  the 
onset  of  the  umbrella  spin  structure  in  the  Ho3+  sublattice.12 
The  FR  of  YIG:Sc  (z=0.52,  X=1152  nm),  positive  in  the 
whole  temperature  range,  is  plotted  in  Fig.  1  with  the  appro¬ 
priate  sign  to  represent  the  Fe3+  contribution  [Eq.  (2)]  along 
with  the  contribution  of  Ho3+  to  FR  <FHo(z=0.52,  X=  1152 
nm). 

The  high  temperature  part  (100  K  <T  <  T  N^el)  of  the  FR 
of  HoIGiSc  and  YIG:Sc  2=0.52  garnets  crystals  is  plotted  in 
Fig.  2.  The  behavior  of  <$>s  is  complex  and  presents  two 
characteristic  temperatures  Tc0mp(l)  anc*  ^comP(2)>  at  which 
<^(\=1152  nm)  changes  its  sign  whereas  the  bulk  magneti¬ 
zation  is  different  from  zero.  To  our  knowledge,  this  is  the 
first  time  that  such  a  behavior  is  reported.  In  order  to  confirm 
this  situation,  we  plotted  in  Fig.  3  the  high  temperature  ( T 
>100  K)  variation  of  <&s  for  different  concentrations  of  the 
HoIG:Sc  garnets.  The  presence  of  two  MO  compensation 
temperatures,  at  1152  nm,  is  obtained  only  for  2=0.52  and 
0.56.  At  lower  concentration  (2=0.35)  there  is  no  MO  com¬ 
pensation  point  but,  instead,  only  an  inflection  point  is  ob¬ 
served.  When  the  Sc  concentration  is  higher  (2=0.73),  only 
the  “low”  MO  compensation  point  remains.  This  is  evi¬ 
denced  more  clearly  in  Fig.  4  where  we  plotted  the  different 
characteristic  temperatures  of  the  HoIGiSc  system.  By  ex¬ 
trapolating  the  variation  of  ^CompO)  and  rComp(2),  we  note 
that  7^°  p(2)  is  equal  to  TNiel  for  z~ 0.6.  On  the  other  hand, 
•^Comp(l)  and  ^CompC2)  merged  together  when  z~0.5.  There- 
fore,  the  limits  of  the  Sc  concentration  zone  where  <&S(T) 
presents  two  MO  compensation  temperatures  are  0.5<2<0.6 
(dashed  area  of  Fig.  4).  The  existence  of  two  MO  compen¬ 
sation  temperatures  can  be  explained  by  the  fact  that  the  Sc 
substitution  decreases  at  first  the  total  Fe3+  contribution  to 


FIG.  2.  High  temperature  (100  K  <T<  TN^el)  dependence  of  (same  leg¬ 
end  as  Fig.  1).  Inset:  magnification  of  the  area  where  the  contributions  to  FR 
of  Ho3+  and  that  of  Fe3+  intersect  twice. 


FIG.  3.  Temperature  dependence  (7>100  K)  of  <t>,  for  the  different  studied 
compositions  at  1152  nm  wavelength. 
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FIG.  4.  Concentration  dependence  of  the  different  characteristic  tempera¬ 
tures  of  the  MO  properties  of  the  HoIG:Sc  system.  The  dashed  area  repre¬ 
sents  the  existence  zone  for  two  MO  compensation  points  at  1152  nm  wave¬ 
length. 

the  FR  of  the  garnet.  The  temperature  variation  of  this  con¬ 
tribution,  as  represented  by  the  FR  of  YIG:Sc,  presents  a 
maximum  in  the  vicinity  of  7=250  K  (Fig.  2).  At  low  tem¬ 
perature  (7<100  K)  the  contribution  of  the  Ho3+  sublattice 
is  negative  and  preponderant  for  all  the  studied  concentra¬ 
tions  (Fig.  1).  When  7>100  K,  the  contributions  of  Ho3+ 
and  Fe3+  are  of  the  same  magnitude  order.  In  this  tempera¬ 
ture  region,  when  the  substitution  is  not  too  high  (z=0.35), 
the  contribution  of  Fe3+  is  always  dominant  and  there  is  no 
MO  compensation  point  (Fig.  3).  When  z  increases  and 
0.5<z<0.6,  the  two  contributions  present  a  temperature 
range  where  they  are  very  similar  (Fig.  2)  and  crosses  each 
other  at  two  temperatures  7c0mP(l)  and  7q^p(2).  A  slight 
increase  of  the  Sc  concentration  rate  results  principally  in  a 
decrease  of  the  Fe3+  contributions,  leaving  the  Ho3+  one 
nearly  unchanged.  As  observed  in  Figs.  3  and  4,  this  leads  to 
a  larger  value  of  the  difference  ^c0°  p(2)-rc0mP(l):  7o°p(l) 
is  shifted  toward  lower  7,  whereas  7q£L(2)  is  shifted  toward 
rNeei.  At  higher  2  (z= 0.73),  only  7^0°p(l)  is  observed, 
shifted  toward  lower  T  (Figs.  3,  4). 

At  1152  nm  wavelength,  the  existence  of  two  different 
7comP  leads  thus  to  a  more  detailed  analysis  of  the  tempera¬ 
ture  behavior  of  the  Ho  contribution  d>Ho=±(Ce+  Cm)\Mc\. 
According  to  Ref.  7,  the  coefficient  Cm  is  given  by 
Cm  =  27T(/uLBfc)ngEo,  where  (iB  is  the  Bohr  magneton  and 
gHo  the  Lande  factor  of  the  Ho3+  ion.  Assuming  a  refractive 
index  n  =  2.2  and  the  same  gHo  factor  as  that  of  free  Ho3+ 
ion,  Cw=5.72  deg  .cm"1,^"1.6  As  shown  recently  in 
HoIG:Al  garnets,1  Mc(7,z)  can  be  deduced  using  the 
Dionne-refined  Neel  model  of  ferrimagnetic  garnets.8,9  Ac¬ 
cording  to  this  model,  the  diamagnetic  substitution  in  one 
sublattice  induces  a  canting  in  the  opposite  sublattice  which 
is  taken  into  account  through  dilution  functions  applied  to 


the  molecular  field  coefficients  (MFC)  Ntj  (z,  j  =  a,dyc).  As 
indicated  previously,  the  Fe3+-Fe3+  interactions  are  well 
represented  by  those  of  YIG:Sc:9 

Naa(z)=Naa(z=0), 

Ndd(z)  =  Ndd(z  =  0)(l-0A3z),  (3) 

Nad(z)=Nad(z  =  Q)(l-0.125z). 

In  a  first  approximation,  the  MFC  related  to  Fe3+—Ho3+ 
interactions  were  assumed  to  be  the  same  as  in  pure  HoIG:1 

^ac(z)  =  Nac(z  =  0),  Ndc(z)  =  Ndc(z  =  0) ;  Ncc~  0. 

(4) 

The  differences  between  calculated  and  experimental  values 
of  7comp  using  this  model  and  MFC  of  Eqs.  (3),  (4)  are  sys¬ 
tematically  greater  than  20  K  (well  outside  the  experimental 
accuracy)  due  to  an  overevaluation  of  Mc(T,z)>  A  good 
agreement  can  be  achieved  using  MFC  of  Eq.  (4)  as  a  func¬ 
tion  of  z,  either  by  increasing  Nac  or  decreasing  Ndc  when  z 
increases.  The  first  solution  is  not  justified  because  the  dia¬ 
magnetic  substitution  cannot  increase  the  exchange  energy 
and  only  the  second  hypothesis, 

Nic(z)=Nic(z=0)(l-az),  (5) 

can  be  used.  The  value  found  for  a?=0.32  is  very  similar  to 
the  coefficients  in  Eq.  (3).  This  dilution  function  [Eq.  (5)] 
indicates  that  Sc  substitution  in  octahedral  sites  leads  to  cant¬ 
ing  in  the  tetrahedral  sublattice  which  in  turn  influences  the 
Ho3+-Fe3+  interactions.  This  confirms  also  that  the  mag¬ 
netic  rare  earth—Fe3+  interactions  are  mainly  (d)  —  {c}.5  In 
effect,  in  case  of  tetrahedral  substitution  (HoIG:Al),  the  in¬ 
fluence  of  the  canting  in  the  [a]  sublattice  should  lead  to  a 
dilution  function  similar  to  Eq.  (5)  applied  to  the  MFC  Nac , 
which  is  not  the  case.1  This  indicates  that  the  [a]-{c}  in¬ 
teractions  have  much  less  influence  on  the  magnetic  proper¬ 
ties  than  the  corresponding  ones  (d)  —  {c}.  Finally,  it  is  to  be 
noted  that  the  temperature  variation  of  MC(T )  is  a  monoto¬ 
nous  decreasing  function.  As  shown  in  Fig.  2,  the  Ho  contri¬ 
bution  <FHo(A.=  1152  nm,  T)-±(Ce  +  Cm)\Mc\  presents  a 
maximum.  Cm  being  a  constant,  the  MO  electric  dipole  co¬ 
efficient  Ce  must  be  a  function  of  7.  This  confirms  the  hy¬ 
pothesis  of  the  temperature  dependence  of  the  MO  electric 
dipole  coefficients  in  garnets  at  1152  nm  wavelength.10 

1 J.  Ostorero  and  M.  Guillot,  IEEE  Trans.  Magn.  30,  4422  (1994). 

2P.  Roschmann,  J.  Phys.  Chem.  Solids  41,  569  (1980). 

3P.  Roschmann  and  P.  Hansen,  J.  Appl.  Phys.  52,  6257  (1981). 

4G.  Ballestrino  and  S.  Geller,  Phys.  Rev.  B  27,  5807  (1983). 

5S.  Geller  in.  Physics  of  Magnetic  Garnets ,  edited  by  A.  Paoletti  (North- 
Holland,  Amsterdam,  1978). 

6M.  Fadly,  P.  Feldmann,  H.  Le  Gall,  M.  Guillot,  and  H.  Makram,  IEEE 
Trans.  Magn.  14,  448  (1978). 

7W.  A.  Crosstey,  R.  W.  Cooper,  J.  L.  Page,  and  R.  P.  Van  Stapele,  Phys. 
Rev.  181,  896  (1969). 

8G.  F.  Dionne,  J.  Appl.  Phys.  41,  4874  (1970). 

9G.  F.  Dionne,  J.  Appl.  Phys.  47,  4220  (1976). 

10  M.  Guillot,  H.  Le  Gall,  J.  M.  Desvignes,  and  M.  Artinian,  IEEE  Trans. 
Magn.  30,  4419  (1994). 

11 P  Hansen  and  J.-P.  Krumme,  Thin  Solid  Films  114,  69  (1984). 

12M.  Guillot,  F.  Tcheou,  A.  Marchand,  and  P.  Feldmann,  J.  Magn.  Magn. 
Mater.  31-34,  631  (1983). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


J.  Ostorero  and  M.  Guillot  5987 


Effect  of  structural  irregularity  on  propagation  properties  of  optical  waves 
in  discontinuous  magneto-optical  media  with  one-dimensional 
quasirandom  array  structures 
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To  elucidate  the  effect  of  structural  irregularity  on  propagation  properties  of  optical  waves  in 
discontinuous  magneto-optical  media,  theoretical  analysis  was  carried  out  by  employing  random 
matrix  technique  and  a  model  with  one-dimensional  quasirandom  array  structure.  The  analysis 
revealed  that  the  effect  of  structural  irregularity  was  so  significant  that  the  dispersion  curves  of 
optical  waves  varied  considerably  depending  on  the  media  structures.  However,  no  matter  how  the 
medium  structure  varies  irregularly,  dispersion  curves  of  waves  always  exist  within  the  confines 
between  those  of  the  half  (0*  *  *01  *  *  •  1)  and  the  alternate  (0101  •  *  *01)  structures.  This  fact  suggests  that 
the  effect  of  structural  irregularity  becomes  less  significant  when  the  discontinuous  media  have  fine 
discrete  structures,  where  the  dispersion  curves  of  the  half  and  the  alternate  structures  are  very  close. 
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I.  INTRODUCTION 

Magneto-optical  (MO)  properties  of  discontinuous  mag¬ 
netic  media  are  so  unique  that  they  are  almost  incomparable 
to  those  of  continuous  media.  In  fact,  MO  Faraday  spectra 
(MO-FS)  of  uniformly  dispersed  or  filament-like  clustered 
cobalt  particles  in  plastic  films  (polymethyl  methacrylate) 
differ  considerably  from  those  of  continuous  media,  and  can 
widely  be  controlled  by  the  concentration  and  aggregation 
states  of  the  cobalt  particles.1,2  This  suggests  positively  that 
the  MO-FS  can  be  manipulated  artificially  by  introducing  the 
discontinuous  structures  in  magnetic  media,  though  they  are 
inherently  material  properties. 

To  explain  the  above  experimental  results  theoretically, 
we  analyzed  the  MO  properties  of  magnetic  media  with  one¬ 
dimensional  periodic  array  structures.3,4  We  showed  that  op¬ 
tical  waves  in  the  media  were  modulated  so  as  to  satisfy 
boundary  conditions  imposed  at  every  discontinuous  plane, 
which  resulted  in  the  unique  MO  properties  of  the  discon¬ 
tinuous  media.  However,  the  actual  discontinuous  media1,2 
are  accompanied  by  a  large  number  of  clusters  whose  form 
and  size  vary  irregularly,  and  thus  their  discrete  structures  are 
more  complicated  than  that  of  the  ideal  periodic  medium. 
Then,  our  previous  analysis  is  still  insufficient  to  elucidate 
the  MO  properties  of  such  discontinuous  media,  because  the 
optical  waves  will  be  also  affected  by  the  irregularity  of  the 
discrete  structure. 

In  order  to  confirm  this,  we  analyze  optical  waves  in  MO 
media  with  quasirandom  discontinuous  structures,  and  exam¬ 
ine  the  effect  of  structural  irregularity  on  the  propagation 
characteristics  of  optical  waves.  To  proceed  with  analysis, 
we  use  the  “random  matrix  technique”  which  is  considered 
to  be  an  extended  method  of  the  matrix  approach.5  As  a  first 
step  of  the  analysis,  we  ignored  the  change  of  material  prop¬ 
erties  due  to  fining  of  the  structures. 

II.  MODELING  AND  RANDOM  MATRIX  TECHNIQUE 

Let  us  conceive  a  discontinuous  magnetic  media  with 
quasirandom  array  structures  which  are  built  up  as  the  fol¬ 


lowing:  First,  as  shown  in  Fig.  1(a),  consider  an  infinitely 
wide  MO  medium  with  a  finite  thickness  L  which  is  com¬ 
posed  of  a  one-dimensional  array  of  virtual  equivalent  seg¬ 
ments  with  width  D.  Each  segment  consists  of  N  subseg¬ 
ments  with  widths  (i=  1,2,..., AT)  which  are  generally 
assigned  under  the  condition  of  D-dl  +  d1-\ - h dN .  Sup¬ 

posing  and  simplifying  our  actual  discontinuous  media,  we 
consider  each  subsegment  is  either  magnetic  material  [spe¬ 
cific  dielectric  tensor:  eM(\)  at  wavelength  A]  with  width  dM 
or  air  gap  with  width  dG  [see  Fig.  1(b)].  When  we  signify  the 
magnetic  material  with  “1”  and  the  air  gap  with  “0,”  se¬ 
quential  arrangement  of  the  subsegments  into  one  virtual 
segment  is  expressed  by  a  binary  number  with  N  digits 
like  “100101*  **01.”  This  binary  parameter  of  structure  is 
obtained  from  a  randomized  integer  generated  by  a 
computer.  To  specify  the  medium,  packing  density  of  the 
magnetic  material  in  a  medium  ( Pd )  is  defined  by 


FIG.  1.  Model  of  the  discontinuous  medium  with  quasirandom  structure;  (a) 
virtual  segments  in  the  medium  and  (b)  subsegments  in  a  virtual  segment. 
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m/D,  where  DM  and  NM  are,  respectively, 
the  total  width  and  the  number  of  the  magnetic  materials  in 
one  virtual  segment. 

All  magnetic  materials  in  the  medium  are  assumed  to  be 
identical  to  each  other  having  magnetizations  parallel  to  the 
propagation  direction  of  optical  waves  (along  the  Z  axis). 
When  a  linearly  polarized  (TE  or  TM)  optical  wave  is  inci¬ 
dent  normal  to  the  top  surface  (Z=0)  of  the  medium,  fun¬ 
damental  equations  of  waves  propagating  in  an  ith  subseg¬ 
ment  are  given  by  the  Maxwell  equations  (1)  and  (2): 

VXE(y,Z;0  =  ico/A0H(F,Z;f),  (1) 

V  X  H(  F,Z;r)  =  -  E(  Y,Z;t) ,  (2) 

where  we  assumed  that  the  optical  wave  had  a  plane  wave 
form  of  exp[ia)(n'Z/CL— /)]  with  a  complex  refractive  in¬ 
dex  n'=n  +  i/<  and  an  angular  frequency  co.  Equations  (1) 
and  (2)  are  arranged  into  the  following  matrix  differential 
equation: 

t(y)=A,(«',w)-t(y)>  (3) 

in  which  t (Y)-{Ex,Ez,Hx,Hz)t  is  the  state  vector  and 
A i(nr  ,a>)  is  the  state  matrix  (4X4  complex  matrix)  of  the  ith 
subsegment  whose  explicit  form  is  given  in  Ref.  4.  Since  the 
state  matrix  is  a  constant  matrix  with  respect  to  Y,  and  the 
state  vector  is  continuous  at  all  discontinous  interfaces  be¬ 
tween  two  neighboring  subsegments,  the  state  vector  at 
Y — D  is  given  by 

t(Z))=d)A,-0)A,_1---d>2-<l>1-t(0),  (4) 

where  <&,(»',  a>)  =  exp{A,(n',a))rf,}  is  the  transition  matrix 
of  the  /th  subsegment.  Periodicity  of  the  virtual  segment  with 
width  D  containing  N  subsegments  imposes  t(D)=t(0), 
which  yields  the  dispersion  equation  of  waves  with  a  4X4 
unit  matrix  I: 

det(<&yy  ■  <i>N-  x  •  •  •  <J>2  *  ®  i  “  I)  =  0.  (5) 

Note  that  the  transition  matrices  in  Eq.  (5)  are  either  of 
the  magnetic  material  or  air  gap,  and  the  dispersion  equation 
is  determined  by  the  products  of  these  matrices  whose  se¬ 
quence  corresponds  to  the  random  binary  parameter  of  struc¬ 
ture.  The  dispersion  equation  (5)  was  solved  numerically  us¬ 
ing  the  combined  technique  of  the  steepest  descent  and  the 
two-variable  Newton-Raphson  methods.6 

HI.  RESULTS  AND  DISCUSSION 

Numerical  calculations  were  made  using  the  same  mate¬ 
rial  parameters  as  used  in  the  previous  analysis,  which  were 
those  of  bismuth-substituted  yttrium  iron  garnet 
(Y0.25Bio.5Fe5Oi2,  Bi:YIG  hereafter).7  As  for  structural  pa¬ 
rameters,  we  used  D  —  500  nm,  N=2-50,  and  Pd—  0-1.0. 

In  the  discontinuous  medium  with  the  one-dimensional 
periodic  array  structure,  two  fundamental  eigenmodes  of  op¬ 
tical  waves  are  R-  and  L-mode  of  waves,3,4  which  degener¬ 
ate,  respectively,  into  right  and  left  circularly  polarized  opti¬ 
cal  waves  when  DM>\  ( DM ,  width  of  magnetic  material;  \, 
wavelength  of  optical  wave),  while,  when  DM<\,  they  turn 
to  TE  wave  (electric  field  E//X-axis)  and  TM  wave  (E//T- 
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FIG.  2.  Dispersion  curves  of  R  mode  of  optical  waves  in  the  quasirandom 
discontinuous  media,  where  SO  and  S10  denote  the  curves  for  the  half  and 
the  alternate  structures. 


axis),  respectively.  By  solving  Eq.  (5),  one  finds  that  the  R - 
and  L-modes  of  waves  are  also  the  fundamental  eigenwaves 
for  the  case  of  quasirandom  array  structure.  Since  the  MO 
properties  of  the  media  are  mainly  prescribed  by  these 
waves,  we  discuss  the  dispersion  characteristics  of  only  these 
two  waves,  though  the  dispersion  equation  has  a  number  of 
other  solutions  corresponding  to  their  higher  modes  of 
waves. 

Figures  2  and  3  show,  respectively,  dispersion  curves 
[refractive  index  n  (solid  curves)  and  extinction  constants  k 
(broken  curves)  versus  packing  density  Pd=DMID ]  of  the 
R-  and  L-modes  of  waves  in  the  discontinuous  media  with 
eleven  types  of  discrete  structures  when  N=  16  and  \=387.4 
nm.  In  the  figures,  curves  labeled  by  SO  and  S 10  are  special 
cases  of  periodic  subsegment  arrangements,  where  SO  is  the 
curve  of  half  structure  of  (00000000 11111111)2= (255)  10 
while  S10  is  the  curve  of  alternate  structure  of 
(0101010101010101)2=  (2 1845 )10.  Subsegment  arrange¬ 
ments  of  the  other  nine  curves  are  expressed  by  1804,  5787, 
9195,  11096,  13089,  18571,  19620,  29854,  and  54141  in 
decimal  integers.  It  is  seen  that  the  values  of  n  and  k  of  both 
waves  are  bounded  between  those  of  Bi:YIG  (when 
Prf->1.0)  and  air  gap  (when  P d— >0.0)  irrespective  of  the 
medium  structures.  In  this  range,  the  dispersion  curves  vary 
depending  strongly  on  the  media  structures,  suggesting  that 
the  effect  of  structural  irregularity  is  very  large.  However, 


FIG.  3.  Dispersion  curves  of  L  mode  of  optical  waves  in  the  quasirandom 
discontinuous  media. 
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FIG.  4.  Dispersion  curves  of  R  mode  of  optical  waves  in  the  quasirandom 
media  with  the  alternate  structures,  where  the  number  of  the  subsegments  N 
is  taken  as  a  parameter. 

one  should  note  that  all  dispersion  curves  of  both  waves  exist 
within  the  confines  between  the  dispersion  curves  of  SO  and 
S10.  This  means  that,  no  matter  how  the  medium  structure 
changes  irregularly,  the  properties  of  optical  waves  are  al¬ 
ways  within  those  of  the  half  and  alternate  structures.  Thus, 
when  the  dispersion  curves  of  SO  and  S 10  are  close  to  each 
other,  the  effect  of  structural  irregularity  should  become  less 
significant  and  can  be  ignored  when  describing  the  optical 
properties  of  the  discrete  media. 

It  is  then  worthwhile  to  examine  the  situation  in  which 
the  dispersion  curves  of  the  half  and  the  alternate  structures 
are  close.  We  can  easily  surmise  that  the  dispersion  curves  of 
S10  will  no  longer  be  changed  when  the  number  of  subseg¬ 
ments  N  is  sufficiently  large,  because,  for  large  N,  the  width 
of  each  subsegment  becomes  much  smaller  than  the  wave¬ 
length  of  optical  waves.  This  is  clearly  shown  in  Figs.  4  and 
5,  where  the  dispersion  curves  for  the  R- mode  (Fig.  4)  and 
L-mode  (Fig.  5)  of  waves  in  the  discontinuous  media  with 
the  alternate  structures  are  depicted  by  taking  the  number  of 
subsegments  N  as  parameter.  The  dispersion  curves  for  large 
N  values  are  indeed  almost  identical  (see  the  curves  of 
N=32  and  50),  where  the  discontinuous  medium  can  be  re¬ 
garded  as  an  effective  continuous  medium  whose  properties 
are  solely  designated  by  the  packing  density  of  magnetic 
material. 

This  indicates  that,  when  the  width  of  magnetic  material 
in  the  half  structure  is  approximately  less  than  5%  of  the 
wavelength  of  optical  waves  (here  A. =387.4  nm),  the  discon¬ 
tinuous  media  with  the  half  structure  behave  as  if  the  effec¬ 
tive  continuous  media.  In  this  case,  the  dispersion  curves  of 
the  half  and  the  alternate  structures  are  very  close,  and  hence 
the  effect  of  structural  irregularity  on  the  optical  waves  can 
no  longer  be  remarkable. 


FIG.  5.  Dispersion  curves  of  L  mode  of  optical  waves  in  the  quasirandom 
media  with  the  alternate  structures. 

IV.  CONCLUSION 

The  analysis  shows  that  the  dispersion  curves  of  waves 
vary  considerably  depending  on  the  media  structures.  How¬ 
ever,  no  matter  how  irregular  the  media  structures  are,  dis¬ 
persion  curves  of  optical  waves  always  exist  within  the  re¬ 
gion  between  those  of  the  half  and  the  alternate  structures, 
and  hence  the  more  these  dispersion  curves  approach  each 
other,  the  less  the  dispersion  curves  change  due  to  the  struc¬ 
tural  irregularity.  Provided  that  the  maximum  width  of  the 
magnetic  material  in  the  media  is  restricted  approximately 
less  than  5%  of  the  wavelength  of  optical  waves,  the  disper¬ 
sion  curves  of  the  half  and  the  alternate  structures  are  almost 
identical  and  the  effect  of  structural  irregularity  becomes 
negligible.  This  situation  may  correspond  to  our  actual  dis¬ 
continuous  media  with  uniformly  dispersed  cobalt  particles 
ranging  from  5  to  20  nm  in  diameter  whose  MO  properties 
were  evaluated  within  the  wavelength  interval  between  400 
and  900  nm.1,2 

Our  further  calculations  suggest  that  the  present  results 
are  also  applicable  for  describing  the  MO  properties  of  the 
discontinuous  media  with  filament-like  clustered  cobalt  par¬ 
ticles  whose  average  size  exceeds  the  limit  mentioned  above, 
which  will  be  reported  in  detail  elsewhere. 
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Magneto-optic  and  microwave  properties  of  epitaxial  garnet  thin  film 
heterostructures  and  superlattices  (abstract) 

R.  Ramesh,  T.  Venkatesan,  S.  Lofland,  M.  Dominguez,  and  S.  M.  Bhagat 

Department  of  Materials  and  Nuclear  Engineering  and  Center  for  Superconductivity  Research,  University  of 
Maryland,  College  Park,  Maryland  20742 

B.  M.  Simion  and  G.  Thomas 

Department  of  Materials  Science,  University  of  California,  Berkeley,  California  94720 

We  report  on  the  growth  and  magnetic  characterization  of  epitaxial  garnet  thin  films  and 
heterostructures  by  pulsed  laser  deposition.  Thin  films  and  heterostructures  consisting  of  yttrium 
iron  garnet  (YIG)  interleaved  with  rare  earth  substituted  bismuth  iron  garnet  (BIG)  have  been 
deposited  on  single-crystal  GGG  substrates.  These  heterostructures  exhibit  strong  polar 
magneto-optic  Kerr  effects  with  rotation  angles  of  better  than  5  X  1047cm  at  533  nm.  Microwave 
measurements  at  10  GHz  suggest  that  the  Eu- substituted  BIG  layer  has  a  preferred  out-of-plane 
magnetization  while  the  YIG  layer  is  still  magnetized  in-plane.  The  implications  of  the 
magneto-optic  and  microwave  results  will  be  discussed  in  light  of  the  heterostructure  periodicity  and 
film  microstructure.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)47708-4] 
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Mossbauer  effect  and  electronic  transport  studies  of  icosahedral 
Al5oPd10Mn25-xFexBi5  alloys 

M.  Yewondwossen,  J.  E.  Jagger,  Z.  Kozioi,  and  R.  A.  Dunlap 

Department  of  Physics,  Dalhousie  University,  Halifax,  Nova  Scotia  B3H  3 J 5,  Canada 

The  temperature  and  applied  magnetic  field  dependence  of  the  resistivity  of  icosahedral 
Al5oPd10Mn25-xFexB15  (x=0  and  5)  alloys  has  been  measured  between  4.2  and  300  K.  At  low 
temperature,  T<30  K,  the  resistivity  showed  a  rapid  decrease  with  increasing  temperature  and  may 
be  described  by  a  combination  of  weak  localization  (WL)  and  magnetic  scattering  effects.  At  higher 
temperatures  the  resistivity  is  adequately  described  by  the  temperature  dependence  of  the  structural 
and  magnetic  effects  as  described  by  Boltzmann-type  transport.  The  measured  magnetoresistance  of 
both  samples  is  consistent  with  theoretical  predictions  based  on  WL.  The  room  temperature 
Mossbauer  effect  spectrum  of  the  x=5  sample  showed  a  well  resolved  doublet  with  mean  isomer 
shift  (relative  to  room  temperature  a-Fe)  and  quadrupole  splitting  of  +0.22  mm/s  and  0.36  mm/s, 
respectively.  These  results  indicate  that  the  Fe  probe  nuclei  do  not  carry  a  magnetic  moment  in  these 
alloys.  ©  7996  American  Institute  of  Physics.  [S002 1-8979 (96)  16508-0] 


I.  INTRODUCTION 

Quasicrystalline  (QC)  alloys  which  contain  Mn  have 
shown  a  wide  variety  of  magnetic  behavior  and,  in  some 
cases  have  exhibited  varying  degrees  of  magnetic  order. 
Typically,  these  magnetically  ordered  materials  have  been 
characterized  by  small  Mn  magnetic  moments  and  low  Curie 
temperatures.  Recently,  alloys  which  exhibit  high  Curie  tem¬ 
peratures  and  substantial  Mn  moments  have  been  reported1"5 
in  the  Al-Mn-Pd-B  system.  The  availability  of  these  materi¬ 
als  allows  for  the  investigation  of  the  relationship  of  mag¬ 
netic  order  and  quasicrystallinity.  In  the  present  work  we 
report  on  magnetotransport  and  Mossbauer  effect  studies  of 
A150P d 1 0Mn25 _ jtFe^B j 5  alloys. 


II.  EXPERIMENTAL  METHODS 

Samples  of  Al50Pd10Mn25_^FeJCB15  (x=0  and  5)  were 
prepared  by  melt  spinning.  Resulting  ribbons  were  shown  to 
be  single  phase  icosahedral  quasicrystals  by  x-ray  diffraction 
studies.  The  transverse  magnetoresistance  was  measured  at 
temperatures  from  4.2  to  300  K  in  applied  fields  up  to  5.5  T. 
The  room  temperature  57Fe  Mossbauer  effect  spectrum  of  the 
x=5  sample  was  obtained  using  a  conventional  constant  ac¬ 
celeration  drive  system. 


III.  RESULTS  AND  DISCUSSION 

The  magnetoresistance  data  of  Al^Pd^Mn^.^B^Fe^ 

QC  alloys  (x— 0,  5)  are  shown  in  Fig.  1.  The  most  general 
expression  for  the  magnetoresistance,  A p(Z?),  due  to  Fuku¬ 
yama  and  Hoshino6  which  includes  the  effects  of  spin-orbit 
scattering,  Zeeman  splitting,  and  magnetic  impurities  is 
given  by; 
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TABLE  I.  Fitted  parameters  values  for  Al70_  JPd^Mn^B* . 


Alloy 

i  Jn 

1/tso 

p(fitted) 

p(exp) 

(X) 

(X109  s-1) 

(X109  s’1) 

(X109  s_l) 

(/xfl  cm) 

(jj£l  cm) 

0 

5.4 

10 

0.7 

870 

1700 

5 

7.8 

0.45 

0.1 

1200 

1400 

and  D  is  the  diffusion  coefficient.  The  characteristic  fields 
are  related  to  electron  scattering  times  through  relations  of 
the  type 


where  x  =  i,  so,  and  s  refer  to  the  inelastic,  spin-orbit,  and 
magnetic  spin-flip  scattering  times,  respectively.  The  Kawa- 
bata  function,  /3(j t),7  has  been  written  in  the  form  proposed 
by  Baxter  et  a/.;8 


The  magnetoresistance  due  to  weak  localization,  A , 
as  given  by  Eq.  (1),  is  negative  in  the  case  of  weak  spin-orbit 
scattering  systems,  i.e.,  tz-<ts0  .  In  the  case  of  strong  spin- 
orbit  scattering  systems  the  magnetoresistance  is  positive  and 

The  fitting  procedure  adopted  for  the  samples  studied  is 
as  follows.  The  WL  contribution  to  the  magnetoresistance  is 
fitted  with  the  temperature-dependent  inelastic  scattering 
time  Tj(T),  and  the  temperature  independent  scattering  times 
rso  and  rs  as  free  parameters.  The  diffusion  coefficient  is 
taken  to  be  0.075  cm2  s”1,9  from  literature  values  for  similar 
quasicrystals.  Quantum  corrections  to  the  resistivity  predict 
Ap/pap.  Using  p  as  a  free  parameter  in  the  WL  expression 
allows  for  a  determination  of  the  resistivity  in  a  way  that  is 
independent  of  the  sample  geometry.10 

The  agreement  between  WL  theory  and  the  experimental 
data  is  good  over  the  entire  range  of  fields  as  illustrated  by 
the  fits  shown  in  Fig.  1.  The  magnetoresistance  of  x=0 
sample  is  positive  in  region  B< 2.5  T  followed  by  a  negative 
magnetoresistance  in  the  remaining  range  of  field.  This  fea¬ 
ture  reflects  the  moderate  spin-orbit  scattering  case  in  which 


FIG.  2.  Temperature  dependence  of  the  electrical  resistivity  normalized  to 
the  value  at  4.2  K  for  Al50Pd10Mn25-^Fej;B15  (x=0,  5). 


t^ts0.  For  the  x=5 ,  the  magnetoresistance  is  totally  nega¬ 
tive  and  reflects  the  presence  of  weak  spin-orbit  scattering, 
Ti<rso .  The  value  of  the  fitted  parameters  are  given  in  Table 
I. 

The  temperature  dependence  of  the  resistivity  is  illus¬ 
trated  in  Fig.  2.  The  resistivity  of  the  Alyo-^Pd^Mn^B*  QC 
alloys  is  1700  and  1400  pile m  at  4.2  K  (for  x=0  and  5, 
respectively).  Various  theories  have  been  proposed  to  inter¬ 
pret  the  high  values  of  the  resistivity  of  QC’s  (e.g.,  Refs. 
11-13).  In  general,  two  effects  dominate  p(T)  in  QCs  at  low 
temperature;  weak  localization  and  magnetic  scattering.  The 
resistivity  behavior  at  low  temperature  in  Al70_jCPd15Mn15BJC 
is  primarily  due  to  magnetic  scattering  effects.  This  assertion 
may  be  illustrated  as  follows:  The  low  temperature  resistivity 
can  be  written  as; 

p(T) = Apwl(  r/(  T),  tso  ,ts,D)  +  pKondo ,  (4) 

where  A p^L  and  pKondo  are  the  WL  and  Kondo  contributions, 
respectively.  Using  the  scattering  times  described  above  the 
WL  component  may  be  subtracted  from  the  resistivity  data. 
The  remaining  data  exhibit  a  ln(J)  dependence  for  all  the 
samples  as  is  expected  for  Kondo-type  scattering.  At  higher 
temperatures  the  resistivity  is  adequately  described  by  the 
temperature  dependence  of  Boltzmann-type  transport. 

The  room  temperature  57Fe  Mossbauer  effect  spectrum 
of  icosahedral  Al50Pd10Mn2oFe5B15  is  illustrated  in  Fig.  3. 
This  spectrum  shows  a  well  defined  doublet.  The  analysis  of 
such  spectra  has  been  considered  in  detail  by  a  number  of 
authors  (e.g.,  Refs.  14-16).  In  cases  where  the  splitting  is 
quadrupole  in  nature,  spectra  may  be  analyzed  on  the  basis 
of  a  quadrupole  distribution  or  a  set  of  discrete  splittings. 
Evidence  seems  to  suggest  that  in  related  QC’s  two  distinct 
classes  of  transition  metal  sites  exist.14,17,18  An  analysis  of 


velocity  (mm/s) 

FIG.  3.  Room  temperature  57Fe  Mossbauer  effect  spectrum  of  icosahedral 
Al50Pd10Mn2oFe5B15.  The  solid  line  is  a  fit  to  two  symmetric  doublets. 
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TABLE  II.  Room  temperature  57Fe  Mossbauer  effect  parameters  for  the 
spectrum  of  icosahedral  Al50Pd10Mn2oFe5B15.  Quadrupole  splittings,  A,  and 
isomer  shifts,  S,  (relative  to  a-Fe)  are  given  for  the  two  doublets  as  de¬ 
scribed  in  the  text.  Mean  parameter  values  are  also  given. 


A  (mm/s) 

3  (mm/s) 

doublet  No.  1 

0.233 

+0.219 

doublet  No.  2 

0.493 

+0.230 

mean  value 

0.362 

+0.224 

Mossbauer  spectra  in  terms  of  two  discrete  sites  is  illustrated 
in  Fig.  3  and  are  summarized  in  Table  II.  In  this  case  the  two 
doublets  have  been  chosen  to  have  similar  isomer  shifts. 
Mean  quadrupole  parameters  are  consistent  with  Mossbauer 
effect  results  obtained  for  similar  QCs.  Spectra  have  also 
been  fitted  on  the  basis  of  a  combined  Zeeman  and  quadru¬ 
pole  interaction.  The  quality  of  fit  for  this  analysis  did  not 
show  any  improvement  over  the  previous  analysis,  suggest¬ 
ing  that  the  Fe  probe  atoms  do  not  carry  magnetic  moments 
in  these  alloys.  There  has  been  considerable  work  on  Fe 
moment  formation  in  QGs  and  evidence  seems  to  suggest 
that  Fe  atoms  prefer  to  reside  in  sites  where  a  moment  does 
not  form.14,19  The  present  measurements  are  consistent  with 
this  picture. 

IV.  CONCLUSIONS 

The  temperature  and  applied  magnetic  field  dependence 
of  the  resistivity  of  icosahedral  Al50Pd1oMn25_A:FejrB15  (x=0 
and  5)  alloys  has  been  measured.  At  low  temperature  results 
may  be  explained  by  a  combination  of  weak  localization  and 
Kondo-type  magnetic  scattering  effects.  At  higher  tempera¬ 
tures  the  resistivity  is  adequately  described  by  the  tempera¬ 
ture  dependence  of  Boltzmann-type  transport.  The  room  tem¬ 
perature  Mossbauer  effect  spectrum  of  the  x=5  sample 
showed  a  well  resolved  doublet.  A  goodness-of-fit  analysis 
indicated  that  the  spectrum  was  appropriately  described  by  a 


combination  of  two  symmetric  quadrupole  doublets  rather 
than  an  analysis  based  on  the  presence  of  a  Zeeman  splitting. 
This  analysis  suggests  that  the  Fe  probe  atoms  prefer  to  re¬ 
side  in  sites  where  they  do  not  carry  a  magnetic  moment. 
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The  magnetic  susceptibility,  magnetization  and  the  temperature  and  field  dependence  of  the  Hall 
coefficient  have  been  measured  for  the  magnetically  ordered  icosahedral  quasicrystals 
Al^Pd^Mn^B*  (*=0,2,4,6,8,10).  The  temperature  dependence  of  the  real  and  imaginary  part  of 
the  complex  ac  susceptibility  indicates  re-entrant  magnetic  behavior  and  dc  magnetization 
measurements  are  interpreted  in  the  context  of  this  behavior.  The  present  Hall  resistivity 
measurement  shows  the  existence  of  both  normal  and  anomalous  Hall  effects.  The  normal  Hall 
coefficient  is  independent  of  temperature  in  all  the  alloys  and  changes  from  negative  to  positive  with 
increasing  boron  concentration.  This  can  be  explained  by  the  effects  of  s-d  hybridization.  The 
anomalous  Hall  coefficient  is  also  found  to  be  temperature  independent  and  has  a  compositional 
dependence  correlated  to  the  spin-orbit  scattering  rate.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)  12808-2] 


I.  INTRODUCTION 

Since  the  first  discovery  of  quasicrystals  in  Al-Mn 
alloys,1  the  electronic  and  magnetic  properties  of  these  ma¬ 
terials  have  been  studied  extensively.  Although  early  reports 
indicated  that  most  quasicrystals  are  weakly  magnetic,2’3 
some  recently  developed  materials  have  shown  strong  mag¬ 
netic  behavior.  Yokoyama  et  a/.4,5  have  reported  the  synthe¬ 
sis  and  characterization  of  ferromagnetic  ALyo.^Pd^Mn^B* 
icosahedral  alloys.  These  alloys  have  Curie  temperatures  be¬ 
tween  300-500  K  and  exhibit  saturation  magnetization  up  to 
18  emu/g  which  disappears  after  crystallization.  In  the 
present  work  the  Hall  effect,  magnetic  susceptibility  and 
magnetization  of  Al7o_^Pd15Mn15Bx  have  been  investigated 
and  these  complement  our  previous  transport  studies  of  this 
series.6 


II.  EXPERIMENTAL  TECHNIQUES 

Single  phase  icosahedral  Al70_xPd15Mn15BA.  alloys  were 
prepared  in  the  form  of  ribbons  by  the  melt  spinning 
method.7  The  quasicrystalline  nature  of  these  samples  was 
confirmed  from  x-ray  diffraction  patterns.  The  temperature 
dependent  ac  susceptibility  was  measured  by  a  standard  mu¬ 
tual  inductance  technique8  at  a  frequency  of  127  Hz  in  an  ac 
magnetic  field  of  —80  A/m.  dc  magnetization  measurements 
were  carried  out  using  a  conventional  superconducting  quan¬ 
tum  interference  device  (SQUID)  magnetometer.  Hall  effect 
measurements  were  performed  using  a  six-point  dc  technique 
in  applied  magnetic  fields  up  to  4.4  X106  A/m. 

a)On  leave  from:  Department  of  Metallurgical  Engineering  and  Materials 
Science,  Indian  Institute  of  Technology,  Powai,  Bombay  400  076,  India. 
^Present  address:  ET/335,  Argonne  National  Laboratory,  Argonne,  IL 
60439. 


III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  room  temperature  ac  susceptibility  of 
Al70_xPd15Mn15BA.  (*=0-10).  The  measured  susceptibility 
increases  with  increasing  x  and  is  consistent  with  previous 
magnetization,  nuclear  magnetic  resonance  (NMR)  and  fer¬ 
romagnetic  resonance  (FMR) 4,5,9  results  for  these  alloys. 
This  behavior  can  be  described  by  the  model  in  which  the 
ferromagnetic  coupling  originates  from  the  Mn-B  bonding.5 

A  typical  measurement  of  the  real  and  imaginary  parts  of 
the  ac  susceptibility  for  the  present  alloys  is  shown  in  Fig.  2. 
These  measurements  show  a  knee  in  x'(T)  and,  t0  a  lesser 
extent,  in  /(T),  for  6=Sjc=^10.  No  anomalous  features  have 
been  observed  for  the  susceptibility  of  samples  with  x=^4. 
Results  may  be  compared  with  the  previous  data  of  Hattori 
et  al. 10  which  showed  that  the  ac  susceptibility  of 
Al70Pd15Mn15  showed  a  cusp  at  low  temperature  which  was 
attributed  to  the  existence  of  a  reentrant  spin  glass  (RSG) 
transition.  There  is  some  ambiguity  in  the  interpretation  of 
features  in  the  ac  susceptibility10,11  which  can  arise  from  ex¬ 
perimental  conditions  such  as  the  exciting  field  frequency 


x  (at  %) 

FIG.  1.  The  room  temperature  ac  susceptibility  of  icosahedral 
Al70_vPd15Mn15Bv  alloys  as  a  function  of  x. 
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FIG.  2.  The  temperature  dependence  of  zero-field  cooled  real  and  imaginary 
parts  of  the  ac  susceptibility  for  Al60Pd15Mn35B10. 

and  amplitude.  The  so-called  Hopkinson  peak10  can  obscure 
the  characteristic  behavior  and,  as  a  result,  RSG  features  may 
be  absent  or  may  be  shifted  to  a  lower  temperature.  A  com¬ 
parison  with  magnetization  data  is  often  helpful  in  under¬ 
standing  the  behavior  of  these  materials.  In  most  cases,  the 
transition  from  ferromagnetism  to  the  RSG  state  is  defined 
by  the  onset  of  deviations  from  the  plateau  in  the 
magnetization.12  Results  of  these  studies  are  illustrated  in 
Fig.  3  for  the  present  series  of  alloys.  The  knee  associated 
with  the  RSG  on  lowering  the  temperature  is  clear  for  all 
alloys  with  x^2.  The  observed  temperature  dependence  is 
consistent  with  the  behavior  as  described  above. 

In  magnetically  ordered  materials  both  the  ordinary  Hall 
effect  (OHE)  and  spontaneous  Hall  effect  (SHE)  are  present. 
The  latter  is  not  restricted  to  ferromagnetic  materials,  but  can 
appear  in  any  material  where  strong  magnetic  interactions 
are  present.13  These  two  components  combine  to  give  the 
total  Hall  resistivity  as  (SI  units): 

Ph~  (1) 

where  B  is  related  to  the  applied  magnetic  field  by 
B  =  fjL0(H+ M),  M  the  magnetization  and  R0  and  Rs  are  the 
ordinary  and  spontaneous  Hall  coefficients,  respectively. 

The  field  dependence  of  the  Hall  resistivity  p#(£)  for 
Al70_xPd15Mn15B^  is  shown  in  Fig.  4.  This  behavior  is  virtu¬ 
ally  independent  of  temperature.  The  initial  slope  gives 


T(K) 


(2) 

(3) 


Figure  5  shows  that  R0  changes  sign  as  a  function  of  x.  This 
behavior  can  be  explained  in  terms  of  the  effect  of  s-d 
hybridization.  This  mechanism  results  from  a  shift  of  the 
Fermi  energy  and  has  been  used  to  explain  Hall  effect  results 
in  amorphous  alloys  as  it  gives  rise  to  regions  of  negative 
group  velocity  leading  to  positive  R0.  In  the  present  alloys 
the  substitution  of  B  for  A1  causes  the  Fermi  level  to  increase 
as  a  result  of  a  reduction  in  the  unit  cell  volume7  giving  rise 
to  the  observed  behavior. 

In  disordered  alloys  the  SHE  coefficient  may  be  related 
to  the  temperature  dependent  resistivity,  p(T),  as: 

Rs(T)  =  ap(T)  +  bp2(T)  (4) 


where  the  first  term  results  from  quasiclassical  skew  scatter¬ 
ing  and  the  second  term  results  from  the  quantum  mechani¬ 
cal  side  jump.13,15  In  amorphous  alloys,  because  of  the  large 
number  of  scattering  centers,  the  quadratic  term  is  believed 
to  dominate.  In  the  present  alloys  Rs  is  constant  in  tempera¬ 
ture  while  p( T)  changes  by  as  much  as  about  20%.7  There¬ 
fore,  at  least  to  first  order,  there  is  no  measurable  correlation 
between  Rs  and  p.  This  has  been  observed  in  other  systems 
and  has  been  explained  by  different  scattering  mechanisms 
for  p  and  pH  ,16  The  x  dependence  of  Rs  is  shown  in  Fig.  6. 
Rs  is  negative  for  all  alloys  and  shows  a  systematic  change 
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FIG.  3.  Temperature  dependence  of  the  magnetization  of  Aho.^Pd^Mn^B*  FIG.  5.  The  ordinary  Hall  coefficient  of  Al70_A:Pd15Mn15B;c  as  a  function  of 
as  a  function  of  x  measured  in  an  applied  field  of  8.0 X103  A/m.  x  at  4.2  K. 
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FIG.  6.  The  spontaneous  Hall  coefficient  and  spin-orbit  scattering  rate  of 
Al70_A.Pd15Mn15B^  as  a  function  of  x  at  4.2  K. 

with  x.  These  results  can  be  explained  in  terms  of  spin-orbit 
interactions.  In  Fig.  6  Rs  is  plotted  along  with  the  spin-orbit 
scattering  rate  as  reported  previously.6,7  The  magnitude  of  Rs 
increases  with  the  scattering  rate  showing  that  the  spin-orbit 
interaction  is  indeed  the  important  contributor  to  the  Hall 
resistivity  although  the  mechanism  by  which  the  spin-orbit 
interaction  influences  the  Hall  resistivity  is  not  obvious. 

IV.  CONCLUSIONS 

Magnetic  studies  of  icosahedral  Al70_A:Pd15Mn15BJC  (x 
=0,2,4,6,8,10)  as  presented  here  indicate  that  these  materials 
are  ferromagnetically  ordered  and  show  a  re-entrant  spin 
glass  transition  at  low  temperature.  The  dc  magnetization 
results  indicate  a  higher  transition  temperature  as  expected 
on  the  basis  of  the  effects  of  the  Hopkinson  peak  on  ac 
susceptibility  data.  The  interpretation  of  these  results  is  con¬ 
sistent  with  previous  magnetic,4  NMR,5  and  FMR9  studies. 

The  data  presented  show  that  the  Hall  resistivity  pH  is 
the  result  of  two  contributions;  the  normal  term  R0B,  due  to 
the  Lorentz  force  and  anomalous  term  fA$M[sRs  due  to  the 
spin- orbit  interaction.  R0  is  independent  of  temperature  but 
changes  sign  as  a  function  of  x  and  can  be  explained  by  the 
effects  of  s-d  hybridization.  Rs  is  also  found  to  be  tempera¬ 


ture  independent  and  suggests  that  the  scattering  mechanisms 
responsible  for  RS{T)  and  p(T)  are  different.  The  composi¬ 
tional  dependence  of  Rs  is  similar  to  that  of  the  spin-orbit 
scattering  rate  and  indicates  that  this  is  the  responsible  inter¬ 
action  for  the  spontaneous  Hall  behavior  in  these  materials. 
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We  have  investigated  the  sensitivity  of  structural,  magnetic,  and  magnetocaloric  properties  of 
(Hf0>83Ta0 i7)Fe2+JC  alloys  (*=-0.18,  -0.09,  -0.02,  0.00,  0.09,  0.26)  to  Fe  content.  As-cast 
samples  for  all  *  consist  essentially  exclusively  of  hexagonal  MgZn2-type  material.  Via 
magnetization  and  differential  scanning  calorimetry  measurements  we  find  that  all  the  alloys  except 
x=0.26  feature  both  a  ferromagnetic— > antiferromagnetic  (FM— >AFM)  transition  at  temperature  T0 
and  a  Neel  transition.  The  most  abrupt  FM^AFM  transition  occurs  in  the  x  =  -0.02  material  which 
also  exhibits  the  lowest  T0  and  largest  low-temperature  moment.  We  report  a  magnetocaloric 
property,  the  field-induced  entropy  change  AS,  for  the  x=0.00  and  x  =  ±0.09  alloys.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)  12908-9] 


I.  INTRODUCTION 

Nishihara  and  Yamaguchi  have  reported1  the  occurrence 
of  a  first  order  ferromagnetic— >  antiferromagnetic 
(FM^AFM)  transition  with  increasing  temperature  T  in  the 
pseudobinary  Hf1_  vTa}?Fe2  systems  having  tantalum  concen¬ 
trations  in  the  0.1<y<0.3  interval.  A  reversed  (AFM— »FM), 
but  otherwise  similar  first  order  transition  takes  place  as  T 
increases  near  room  temperature  in  Fe-Rh  alloys,  which 
have  been  suggested  as  candidate  working  materials  for  mag¬ 
netic  refrigeration.2  In  both  systems  the  FM<->AFM  transi¬ 
tion  is  evidently  sensitive  to  preparation  conditions  as  well  as 
composition.  Annealed  Hf^Ta^Fe!  99  materials  were  inves¬ 
tigated  in  Ref.  1,  while  as-cast  Hf0  8Ta0  2FeL97  was  employed 
in  a  recent  study3  of  thermal  and  transport  properties  by 
Wada,  Shimamura,  and  Shiga,  who  observed  a  sharper  tran¬ 
sition  in  as-cast,  as  compared  with  annealed,  samples.  Here 
we  explore  the  sensitivity  of  the  structural  and  magnetic 
properties  to  departures  from  stoichiometry  by  focusing  on  a 
series  of  samples  with  fixed  Hf:Ta  concentration  ratio.  For 
several  alloys  we  also  report  determination  of  a  magnetoca¬ 
loric  property,  the  isothermal  field-induced  entropy  change 
AS. 

II.  SAMPLE  PREPARATION  AND  STRUCTURAL 
CHARACTERIZATION 

Ingots  having  nominal  compositions  specified  by 
(Hf083Ta0 17)Fe2+A.  with  *  =  -0.18,  -0.09,  -0.02,  0.00, 
0.09,  and  0.26  were  prepared  by  induction  melting  elemental 
constituents  in  BN  crucibles  under  argon.  The  purity  of  the 
iron  and  tantalum  employed  was  99.999%  and  99.9%,  re¬ 
spectively;  Zr  was  the  primary  contaminant  of  the  hafnium, 
at  a  level  of  3  at.  %  for  all  samples  except  x  = 0.00,  for  which 
it  was  5  at.  %.  Each  sample  was  furnace  cooled  (~3  min) 
and  not  subjected  to  any  additional  heat  treatment.  Phase 
occurrence  and  composition  were  established  by  x-ray  pow¬ 
der  diffraction  (XRD)  measurements  and  electron  beam  mi¬ 
croprobe  (EBM)  analyses. 

For  each  sample  XRD  indicated  that  the  major  phase  is 
characterized  by  the  hexagonal  MgZn2-type  structure  (C14; 


space  group  P63lmmc)  featuring  one  Mg  site  (4/  )  and  two 
Zn  sites  (2a, 6h).  Figure  1(a)  displays  the  pattern  observed 
for  the  most  contaminated  material,  the  x  =  -0.18  specimen, 
and  Fig.  1(b)  shows  the  pattern  calculated  for 
(Hf0.83Tao_17)Fe2.  It  is  clear  that  the  sample  consists  princi¬ 
pally  of  MgZn2-type  material;  the  asterisks  indicate  the  only 
identifiable  impurities,  HfN  and  ZrN,  which  the  EBM  results 
corroborate.  Even  smaller  amounts  of  nitride  impurities  were 
found  in  the  x  =— 0.02,  x=0.09,  and  x =0.26  samples,  and  no 
secondary  phases  were  detected  in  the  x  =  —0.09  and  x= 0.00 
materials.  The  x-ray  line  widths  and  relative  intensities  exhib¬ 
ited  some  sample-to-sample  variation  suggestive  of  changes 
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20  (deg) 

FIG.  1.  (a)  Cu  Ka  x-ray  pattern  observed  for  C 14  (Hf0>83Ta0il7)Fe1.82  (x  = 
-0.18);  (b)  pattern  calculated  for  (Hfo^Tao  17)Fe2  using  the  lattice  constants 
inferred  from  (a). 
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TABLE  I.  Compositional,  structural,  and  magnetic  information  for  the  materials  in  this  study.  The  nominal  ingot  composition  is  (Hfo^Tao  17)Fe2+^;  and  y' 
specify  the  composition  (Hf,_/Ta/)Fe2+JC'  of  the  principal  MgZn2-type  phase  as  determined  by  electron  beam  microprobe  analysis;  a,  c  are  the  room- 
temperature  lattice  constants  of  that  phase  obtained  from  Rietveld  analyses  of  the  x-ray  diffraction  data;  V  is  volume  of  the  hexagonal  unit  cell;  M  (10  K)  is 
the  magnetization  measured  at  T=  10  K,  H= 9  kOe;  fi?t  is  the  magnetic  moment  per  Fe  atom  corresponding  to  M  (10  K);  and  TQ,TN,  and  Tc  are  temperatures 
of  the  FM->AFM,  Neel,  and  Curie  transitions,  respectively,  inferred  from  differential  scanning  calorimetry  and  magnetic  measurements. 


X 

-0.18 

-0.09 

-0.02 

0.00 

0.09 

0.26 

xl 

-0.05 

0.05 

0.08 

0.11 

0.14 

0.19 

y' 

0.18 

0.16 

0.19 

0.18 

0.19 

0.18 

a  (A) 

4.9510 

4.9379 

4.9301 

4.9344 

4.9293 

4.9309 

c  (A) 

8.0869 

8.0747 

8.0647 

8.0715 

8.0575 

8.0497 

da 

1.6334 

1.6352 

1.6358 

1.6358 

1.6346 

1.6325 

V  (A3) 

171.67 

170.51 

169.76 

170.20 

169.55 

169.50 

M  (10  K)  (emu/g) 

49.5 

51.9 

55.7 

49.9 

46.1 

49.9 

MFe  0*s) 

1.31 

1.33 

1.41 

1.26 

1.15 

1.23 

T0(K) 

260 

274 

210 

230 

265 

Tn  (K) 

315 

323 

336 

340 

323 

in  effective  grain  size  and  at  most  modest  preferred  orienta¬ 
tion  effects. 

While  the  XRD  results  demonstrate  formation  of  a  major 
C14-type  phase  over  the  entire  — 0.18^*  ^O. 26  interval  stud¬ 
ied  here,  significant  differences  between  the  nominal  ingot 
composition  and  the  actual  composition  of  the  major  phase 
in  the  as-cast  samples  were  revealed  by  the  microprobe 
work.  The  second  and  third  rows  of  Table  I  specify  *'  and  y ' 
for  the  (Hf1_yTa3,')Fe2+JC'  composition  of  the  principal 
phase  as  determined  by  the  EBM  analyses.  The  yr  values 
deviate  from  the  nominal  0.17  Ta  content  by  as  much  as 
12%,  outside  the  —3%  EBM  composition  accuracy.  Further¬ 
more,  it  is  evident  that  xf  undergoes  considerably  less  excur¬ 
sion  than  x,  especially  on  the  Fe-poor  side  where  xr  reaches 
its  lowest  value,  -0.05-0,  for  the  *=-0.18  material.  For 
all  other  compositions  xf  is  positive.  Despite  the  narrower 
range  of  *',  the  EBM  results  confirm  that  C14-type  material 
forms  in  a  rather  broad  homogeneity  region.  Moreover,  the 
*'— 0  lower  limit  of  the  x!  interval  indicates  that  the  solubil¬ 
ity  of  Hf  and  Ta  on  the  2 a  and  6  h  iron  sites  is  negligible 
compared  with  the  solubility  of  Fe  on  the  4/  sites.  This  is  in 
qualitative  accord  with  the  fact  that  the  metallic  volumes  of 
Hf  and  Ta,  22.4  and  18.0  A3,  respectively,  are  both  much 
larger  than  that  of  Fe,  11.8  A3. 

Lattice  parameters  a  and  c  determined  from  Rietveld 
refinements  of  the  XRD  data  are  included  in  Table  I,  as  are 
the  unit  cell  volumes  V  and  the  c/a  ratios.  In  general  a ,  c, 
and  V  decline  with  increasing  *,  aside  from  a  slight  deviation 
for  *=0.00.  The  overall  trend  for  V  to  decrease  with  Fe 
content  suggests  that  excess,  hyperstoichiometric  iron  enters 
substitutionally  on  the  (Hf,Ta)  4/  sublattice  rather  than  inter- 
stitially.  The  cl  a  ratio  decreases  on  both  sides  of  a  plateau  at 
*=-0.02  and  *=0.00.  All  the  c/a  values,  however,  are  re¬ 
markably  near  the  ideal  ratio  (8/3)1/2=  1.6330  corresponding 
to  the  hexagonal  closest-packing  of  spheres;  the  maximum 
departure  is  0.2%. 

III.  MAGNETIC,  CALORIMETRIC,  AND 
MAGNETOCALORIC  RESULTS 

Figure  2  displays  magnetization  versus  temperature 
curves  measured  in  a  maximum  applied  field  of  9  kOe, 


which  in  each  case  was  sufficient  to  saturate  the  magnetiza¬ 
tion.  The  low  temperature  values  M(10  K)  are  listed  in  Table 
I,  as  are  the  magnetic  moments  per  Fe  atom,  /zFe ,  determined 
using  the  *'  and  y'  values.  M(10  K)  spans  a  substantial 
range  from  46.1  emu /g  to  55.7  emu/g  and  shows  no  simple 
relation  to  the  Fe  content.  For  comparison,  the  magnetization 
of  FeRh  alloys  is  —130-140  emu/g  at  low  temperature  for 
compositions  near  the  equiatomic  stoichiometry.4,5  It  is  evi¬ 
dent  from  Fig.  2  that  M(T)  varies  dramatically  with  *.  The 
sharpest  variation  occurs  in  the  *  =—0.02  material  at  a  tem¬ 
perature  T0~2lO  K  which  we  identify  with  an  FM^AFM 
transition.  This  result  is  in  agreement  with  the  previous 
finding3  that  the  most  abrupt  transitions  occur  in  as-cast 
samples  prepared  from  slightly  Fe-deficient  starting  compo¬ 
sitions. 


FIG.  2.  Magnetization  vs  temperature  for  as-cast  (Hf0  83Ta017)Fe2+JC  mate¬ 
rials. 
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FIG.  3.  Entropy  change  |AS|  of  (Hf0  83Tao  17)Fe2+JC  materials  after  applica¬ 
tion  or  removal  of  a  9  kOe  magnetic  field. 

We  identified  other  FM-^AFM,  Curie  (FM— >para~ 
magnetic),  and  Neel  (AFM -^paramagnetic)  transitions  in 
these  samples  with  the  help  of  differential  scanning  calorim¬ 
etry  (DSC)  measurements  performed  in  the  T> 225  K  range; 
the  corresponding  transition  temperatures,  T0,  Tc,  and  Tn, 
respectively,  are  given  in  Table  I.  The  DSC  structures  to 
which  we  assigned  Tc  and  TN  were  characteristically  asym¬ 
metric,  while  each  peak  identified  with  a  FM— >AFM  transi¬ 
tion  was  considerably  more  symmetric.  We  would  have  been 
reluctant  to  make  this  assignment  using  the  DSC  data  alone, 
but  our  magnetization  measurements  and  the  magnetocaloric 
results  derived  from  them  (Fig.  3)  make  for  consistent  and 
credible  identification. 

Aside  from  the  *=0.26  material,  each  sample  is  charac¬ 
terized  by  both  a  FM-+AFM  and  a  Neel  transition,  with  the 
associated  temperatures  falling  into  two  distinct  groups.  For 
*  =  -0.18  and  *  =  ±0.09,  70~260-270  K  and  7^-320  K, 
while  for  *=—0.02  and  *=0.00,  T0~210-230  K  and 
7^—340  K.  It  is  interesting  to  note  that  the  *  =  -0.02  mate¬ 
rial  exhibiting  the  most  abrupt  change  in  M(T)  and  T0  has 
the  largest  low-temperature  moment,  lowest  70,  and  largest 
( Tn~T0 )  difference.  Only  one,  asymmetric  DSC  peak  was 
observed  for  the  Fe-richest  sample,  *=0.26;  together  with 
the  magnetization  curve  (Fig.  2),  this  indicates  that  the  ma¬ 
terial  is  ferromagnetic  over  the  entire  ordered  temperature 
range. 


To  make  a  preliminary  assessment  of  magnetocaloric  ef¬ 
fects  in  these  systems  we  determined  the  field-induced  en¬ 
tropy  change  AS  for  three  of  the  samples.  Using  the  Max¬ 
well  relation  (SS/dH)T=(dM/dT)H ,  which  implies 

Cn\dM{H\T) 

A5"Jo  [  dT 

we  calculated  AS  from  magnetization  data  acquired  as  a 
function  of  both  applied  field  H  and  temperature  7.  Figure  3 
displays  |  AS|,  corresponding  to  application  or  removal  of  a  9 
kOe  field,  as  a  function  of  T  for  the  *=0.00  and  *  =  ±0.09 
materials.  The  maximum  entropy  change  |ASmax|  extends 
from  —0.6  J/Kkg  to  —1.5  J/Kkg  and  in  each  case  occurs 
slightly  below  the  T0  value  listed  in  Table  I.  The  sharpness  of 
the  transition  in  the  *=-0.02  sample  precluded  an  accurate 
determination  of  |AS|,  although  we  estimate  that  the  peak 
value  exceeds  20  J/K  kg.  For  comparison  purposes  we  note 
that,  in  a  9  kOe  field  and  at  temperatures  in  the  vicinity  of 
ambient,  |ASmax|~3  J/Kkg  for  both  Gd  (Ref.  6)  and  an¬ 
nealed  Fe49Rh51  (Ref.  2),  while  quenched  Fe49Rh51  features 
|ASmax|  as  large  as  -17  J/K  kg  (Ref.  2). 

IV.  SUMMARY 

We  have  shown  that  the  magnetic  and  magnetocaloric 
properties  of  MgZn2-type  (Hfa83Taai7)Fe2+JC  as-cast  alloys 
are  highly  sensitive  to  the  Fe  level.  A  FM-->AFM  transition 
occurs  over  a  broad  range  of  *  and  temperature  and  is  most 
abrupt  in  materials  having  slightly  substoichiometric  Fe  con¬ 
tent.  Magnetocaloric  effects  in  these  systems  merit  further 
investigation  in  view  of  the  fact  that  the  effects  of  prepara¬ 
tion  conditions  as  well  as  composition  are  still  incompletely 
known. 
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We  studied  Pr  substitution  for  Y  in  a  123  high  Tc  superconductor  related  system,  -xPr^Ba2Fe308 
using  of  x-ray  diffraction,  magnetization,  and  57Fe  transmission  Mossbauer  spectroscopy.  The  Fe 
sublattices  are  magnetically  ordered  through  the  whole  system.  The  Pr  substitution,  however, 
suppressed  the  Fe  ordering  temperature.  The  low  temperature  susceptibility  across  the  system 
increases  with  increased  Pr  concentration  x,  and  an  additional  antiferromagnetic  ordering  at  24  K  is 
observed  for  x=  1,  indicating  a  possible  Pr  ordering.  The  averaged  magnetic  hyperfine  field  at  Fe 
sites  measured  at  15  K  is  also  reduced  as  x  increases.  The  dramatic  effect  of  Pr  substitution  for  Y 
in  this  system,  which  is  not  observed  in  studies  of  Y  substitution  by  other  rare-earth  elements,  is 
interpreted  as  the  effect  of  the  hybridization  between  the  Pr  4-/  electrons  and  the  electrons  in  the 
Fe(2)02  layers,  similar  to  the  Pr  hybridization  in  Y1_^PrjCBa2Cu307_y  system.  ©  1996  American 
Institute  of  Physics.  [S002 1  -8979(96)  1 6608-7] 


The  substitution  effect  has  been  extensively  studied 
since  the  123  high  Tc  superconductor  material  YBa2Cu307_A 
was  discovered.  The  study  of  the  substitution  of  Y  with  most 
of  the  rare-earth  elements  of  different  concentrations  up  to 
100%  shows  no  or  little  effect  on  the  superconducting  behav¬ 
ior  of  the  material,  except  with  Pr,  which  suppresses  the 
superconducting  transition  temperature,  Tc ,  to  zero  at  a  con¬ 
centration  around  50%. 3  Among  the  models  that  explain  the 
suppression  of  Tc  along  with  other  unusual  features  of  the  Pr 
substituted  123  compounds  are  the  hole  filling  mechanism, 
which  requires  tetravalent  or  mixed  valent  Pr,4,1  and  the 
mechanism  of  hybridization  between  the  4/-electrons  of 
Pr3+  and  the  electrons  in  the  adjacent  Cu(2)02  planes.5,6,1 
Both  models  are  well  supported  by  a  large  amount  of  experi¬ 
mental  and  theoretical  data.  But  the  nature  of  the  Pr  valence 
is  still  inconclusive.7  The  partial  replacement  of  Cu  atoms 
with  other  transition  metals  suggests  that  the  two- 
dimensional  Cu(2)02  layers  play  a  more  important  role  than 
the  Cu(l)  chains  in  the  superconducting  process.8,9  It  has 
been  thought  that  the  information  about  the  Cu-free  123 
compounds  could  be  very  important  to  the  full  understanding 
of  the  123  high  Tc  superconductivity,  yet  relatively  few  stud¬ 
ies  on  the  complete  substitution  of  Cu  have  been  reported  in 
the  literature.10"13  One  of  the  interesting  Cu-free  compounds 
is  YBa2Fe308.  The  neutron  diffraction  study1  showed  that 
the  crystal  structure  of  the  compound  is  tetragonal  with  the 
symmetry  of  space  group  p4/mmm.  This  structure  is  very 
similar  to  the  123  high  Tc  superconductors,  except  that  the 
oxygen  sites  in  the  Cu(2)-chain  layers  are  fully  occupied. 
The  same  study  also  showed  that  the  Fe  moments  are 
coupled  antiferromagnetically  both  within  each  Fe02  layers 
and  along  the  C  axis.  The  Fe  ions  at  two  inequivalent  sites, 
Fe(l)  and  Fe(2),  are  interpreted  to  have  same  values  of  the 
valence  and  the  magnetic  moment.  The  Mossbauer  studies 
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on  YBa2Fe3082,13  showed  that  the  spectrum  can  be  fitted  as 
two  sets  of  subspectra  corresponding  to  Fe(l)  and  Fe(2). 
However  these  two  subspectra  have  the  same  hyperfine  field, 
and  differ  only  in  their  quadrupole  interactions.  It  has  also 
been  reported13  that  the  substitution  of  Y  by  a  number  of 
rare-earth  elements  (Ho,  Eu,  and  Er)  has  essentially  no  effect 
on  the  Fe  antiferromagnetic  ordering. 

In  order  to  further  investigate  the  Cu-free  123  com¬ 
pounds  and  the  nature  of  the  Pr  substitution  effect,  we  stud¬ 
ied  the  magnetic  properties  of  Y1_xPrxBa2Fe308  system  by 
means  of  dc  magnetization  measurement  and  57Fe  Moss¬ 
bauer  experiment.  Our  study  yielded  more  detailed  informa¬ 
tion  at  the  two  different  Fe  sites.  And  more  importantly,  we 
observed  that  the  Pr  substitution  has  a  dramatic  effect  on  the 
magnetic  behavior  of  the  system. 

Polycrystalline  samples  of  Y1_xPrA.Ba2Fe308  for  x  =  0, 
0.25,  0.50,  0.75,  and  1.0  were  synthesized  by  coprecipitation 
mixing  and  solid-state  sintering  techniques.  The  stoichio¬ 
metric  amounts  of  99.9%  purity  materials  BaC03,  Fe  metal, 
Y203,  and  Pr(CH3COO)3  were  dissolved  in  dilute  nitric  acid 
to  form  a  stock  solution  with  appropriate  cation  proportions. 
The  solution  was  then  added  to  a  fast  stirring  concentrated 
solution  containing  Na2C03  and  NaOH  with  25%  of  solvent 
ethyl  alcohol  to  force  the  metallic  ions  to  coprecipitate  as 
insoluble  carbonates.  A  better  mixing  at  a  microscopic  level 
is  therefore  achieved  without  mechanical  grinding  and  shak¬ 
ing.  The  gel-like  precipitates  were  filtered,  washed  with  mix¬ 
ture  of  distilled  water  and  ethanol,  and  dried  in  an  oven  at 
120  °C  for  a  day.  Finally,  the  dried  precursors  were  fired  in 
tube  furnaces  at  950  °C  with  oxygen  flow  for  about  10  days. 

The  sample  purity  and  their  crystal  structures  were  de¬ 
termined  by  powder  x-ray  diffraction  measurements  using  a 
Regaku  Diffractometer.  A  Quantum  Design  SQUID  was  used 
to  measure  the  magnetic  susceptibility  for  5  7^  400  K 

and  the  isothermal  magnetization.  In  these  measurements, 
the  samples  were  first  cooled  to  the  lowest  temperature  in 
zero  field.  The  field  was  then  applied  and  the  temperature 
was  increased.  The  57Fe  transmission  Mossbauer  spectra 
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FIG.  1.  Magnetic  susceptibility  of  Yj.JPrJBa^e^g,  for  *  =  0.0,  0.25,  0.50, 
0.75,  and  1.0,  measured  in  a  field  of  1  kG.  The  insert  is  the  magnetic 
susceptibility  of  PrBa2Fe308,  measured  in  various  fields. 

were  measured  for  15  K^T^298  K  using  a  conventional 
constant  acceleration  Mossbauer  spectrometer  with  a  closed 
cycle  refrigerator.  A  57Co:Rh  source  of  25  mCi  was  used  in 
the  Mossbauer  measurements. 

Powder  x-ray  diffraction  studies  showed  clean  patterns 
for  all  samples  with  no  detectable  secondary  phase  forma¬ 
tion.  All  phases  in  the  system  formed  a  tetragonal  crystal 
structure  with  space  group  P4/mmm,  which  is  as  reported  by 
other  groups  for  YBa2Cu308.1,2  The  measured  lattice  param¬ 
eters  at  room  temperature  are  a  =  3.916  A  and  c=  11.798  A 
for  YBa2Fe308,  and,  a  =  3.940  A  and  c=  11.817  A  for 
PrBa2Fe308.  Across  the  system  the  lattice  parameters  mono- 
tonically  increase  as  jc  increases,  but  the  trend  deviates  from 
the  Vegard’s  Law. 

Figure  1  shows  the  temperature  dependence  of  the  mag¬ 
netic  susceptibility  of  Y1  _JCPrJCBa2Fe308 ,  *(T),  measured  in 
a  field  of  1  kG.  The  susceptibility  behaves  similar  to  the 
Curie- Weiss  magnetism  above  T~  50  K.  Below  50  K,  for  the 
PrBa2Fe308  sample,  i.e.,  jc=1,  the  susceptibility  showed  a 
clear  cusp  at  T~  24  K,  indicating  an  antiferromagnetic  order¬ 
ing.  This  ordering  is  likely  originating  from  Pr  moments, 
which  is  similar  to  the  Pr  ordering  in  PrBa2Cu307  at  T~  17 
K.5,1  Shown  in  the  insert  of  Fig.  1  is  the  x(T)  of  PrBa2Fe308 
at  different  fields.  The  cusp,  which  determines  the  Neel  tem¬ 
perature,  JN,  is  shifted  to  lower  temperatures  as  the  applied 
field  increases  and  disappears  when  the  field  is  larger  than  1 1 
kG.  The  field  dependence  of  TN  is  shown  in  the  insert  of  Fig. 
2. 

The  isothermal  magnetization  of  PrBa2Fe308  up  to  5.4 
tesla  at  various  temperatures  is  shown  in  Fig.  2.  We  also  plot 
M(H)  for  YBa2Fe308  (data  from  Ref.  13),  which  is  linear  in 
H,  in  the  same  scale  for  comparison.  The  deviation  of  M(H) 
of  PrBa2Fe308  from  the  linear  dependence  suggests  a  canted 


Magnetic  Field  (kG) 


FIG.  2.  Magnetization  vs  field  of  PrBa2Fe308,  measured  at  various  tempera¬ 
ture.  The  insert  is  the  anti  ferromagnetic  ordering  temperature  rN  vs  field  for 
PrBa2Fe308. 

magnetic  structure  of  the  Fe  sublattices.  Such  a  canted  struc¬ 
ture  is  expected  to  be  more  complicated  than  the  antiferro¬ 
magnetic  structure  in  YBa2Fe308 ,  which  was  determined  by 
the  powder  neutron  diffraction  experiment.1  The  difference 
in  the  magnetic  structures  of  PrBa2Fe308  and  YBa2Fe308 
might  be  caused  by  the  effect  of  hybridization  between  Pr 
/-electrons  and  the  Fe(2)02  layers. 

The  room  temperature  57Fe  Mossbauer  spectra  of 
Y1„;i.PrrBa2Fe30g  are  presented  in  Fig.  3.  The  spectra  for 
x^0.50  can  be  very  well  fitted  into  a  combination  of  two 
sextuplets  with  the  intensity  ratio  1:2,  plus  a  quadrupole  dou¬ 
blet  near  the  center  of  the  spectra,  which  counts  less  than  3% 
of  total  intensity.  The  two  sextuplets  correspond  to  the  two 
crystallographically  inequivalent  lattice  sites,  Fe(l),  with  an 
octahedral  coordination,  and  Fe(2),  with  a  square-pyramidal 
coordination.  The  additional  quadrupole  doublet  may  indi¬ 
cate  a  small  amount  of  impurity  phases  in  the  samples.  An 
important  feature  shown  in  this  figure  is  that  the  spectra  of 
x—0.15  and  x~  1.0  samples  are  significantly  different  from 
the  spectrum  of  YBa2Fe308 .  Specifically,  we  did  not  observe 
any  hyperfine  splitting  in  these  two  samples.  This  clearly 
indicates  that  the  substitution  of  Y  by  Pr  significantly 
changes  the  electronic  and  magnetic  structure  of  the  system. 
Such  an  effect,  however,  was  not  observed  in  the  substitution 
of  Y  by  other  rare-earth  elements,  such  as  Eu,  Ho,  and  Er.2  In 
the  case  of  superconducting  123  system,  Pr  is  special  be¬ 
cause  it  suppresses  Tc  when  substituted  in  YBa2Cu307, 
while  the  substitution  of  other  rare-earth  elements  does  not. 
In  our  case  Pr  again  singles  itself  out  by  affecting  the  mag¬ 
netic  properties  of  YBa2Fe308  by  its  substitution. 

Finally,  in  Fig.  4  we  plot  the  Mossbauer  spectra  of 
Y1_xPrA.Ba2Fe308  measured  at  T=  15  K.  The  spectra  for 
samples  of  jc  =  0.0  and  0.25  are  similar  to  the  room  tempera- 
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FIG.  3.  Mossbauer  spectra  of  Y1_  tPr^Ba2Fe30g,  for  jt  —  O.O,  0.25,  0.50, 
0.75,  and  1.0,  measured  at  room  temperature. 


ture  spectra  but  with  larger  hyperfine  splitting.  The  spectra  of 
x=0.75  and  x  =  1.0  samples  showed  that  the  Fe(l)  and  Fe(2) 
sublattices  are  magnetically  ordered.  The  averaged  hyperfine 
field  reduces  its  value  as  x  increases.  The  temperature  depen¬ 
dent  Mossbauer  study  on  PrBa2Fe308  indicated  that  the  mag¬ 
netic  ordering  temperature  is  somewhere  between  250  K  and 
room  temperature.  However,  we  did  not  see  any  noticeable 
anomaly  in  the  susceptibility  data.  The  reduction  of  the  av¬ 
erage  hyperfine  field  can  be  interpreted  as  the  effect  of  the 
hybridization  between  the  Pr  4/-electrons  and  the  Fe(2)02 
layers.  Fitting  our  Mossbauer  data  yielded  two  well-defined 
parameter  sets  of  isomer  shift,  quadrupole  splitting,  and 
magnetic  hyperfine  field  for  all  the  spectra  measured  below 
the  magnetic  ordering  temperature.  We  find  these  two  sets  of 
parameters  are  significantly  different.  This  difference  is  not 
only  due  to  the  Pr  substitutions.  Even  for  YBa2Fe308,  the 
magnetic  hyperfine  fields  at  Fe(l)  and  Fe(2)  sites  are  428.1 
and  471.9  kG  at  room  temperature,  and,  496.7  and  523.8  kG 
at  T-  15  K.  This  result,  along  with  the  result  of  different 
isomer  shift  parameters,  clearly  indicates  that  the  electronic 
valence  states  and  the  magnetic  moments  of  the  Fe  ions  at 
the  two  sites  are  different.  Our  result  disagrees  with  the  pre¬ 
viously  reported  results1,2  on  YBa2Fe308,  i.e.,  that  the  ions  at 
the  two  different  sites  have  the  same  electronic  valence  and 
the  same  magnitude  of  the  magnetic  moments. 

Further  studies  including  the  high  temperature  suscepti¬ 
bility,  the  specific  heat,  and  the  electrical  resistivity  measure¬ 
ments  are  being  conducted  and  will  be  reported  later.  Neu¬ 


FIG.  4.  Mossbauer  spectra  of  Yj  _xPr/CBa2Fe308 ,  for  x—  0.0,  0.25,  0.75,  and 
1.0,  measured  at  15  K. 

tron  study  and  other  complement  measurements  are  required 
to  fully  understand  this  system  regarding  its  magnetic  struc¬ 
ture. 
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Observation  of  independent  iron  and  rare-earth  ordering 
in  RFe6Ge6  (R=  Y,  Gd-Lu)  compounds 
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Mossbauer  and  magnetization  measurements  have  been  used  to  study  magnetic  ordering  in  RFe6Ge6 
alloys.  The  iron  sublattice  orders  antiferromagnetically  and  Tn  remains  essentially  constant  across 
the  series  at  —480  K  with  no  evidence  of  a  net  magnetization  in  any  of  the  alloys.  For  R=Gd-Er, 
the  rare-earth  sublattice  orders  ferromagnetically  with  Tf  s  that  descend  from  30  K  at  Gd  to  3  K  at 
Er.  This  order  is  established  without  affecting  the  order  on  the  iron  sublattice.  The  large  difference 
in  ordering  temperatures  and  the  unrelated  magnetic  structures  adopted  by  the  two  sublattices 
indicate  that  the  iron  and  rare-earth  moments  are  effectively  isolated  from  each  other  and  that  they 
order  independently.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  13008-3] 


INTRODUCTION 

Earlier  work  on  RFe6Ge6  alloys  has  shown  that  they  or¬ 
der  antiferromagnetically  below  about  480  K,  and  that  TN 
(Ref.  1)  is  insensitive  to  the  rare-earth  element  present  in  the 
alloy.  Furthermore,  the  hyperfine  field  at  the  iron  sites,  Bh y, 
does  not  change  when  Gd  or  Tb  is  substituted  for  F,  nor  is 
any  net  magnetization  observed  following  these 
substitutions.2  These  results  suggest  that  either  the  rare-earth 
sublattice  also  orders  antiferromagnetically,  or  that  it  does 
not  order  at  all. 

In  order  to  investigate  this  alloy  series  in  more  detail,  we 
have  extended  our  previous  study2  to  include  all  of  the  heavy 
rare  earths.  We  have  used  Mossbauer  spectroscopy  to  probe, 
the  effects  of  the  rare-earth  substitutions  on  a  microscopic 
scale,  and  low-temperature  susceptibility  and  magnetization 
measurements,  to  look  for  evidence  of  magnetic  order  at  the 
rare-earth  sites. 


EXPERIMENTAL  METHODS 

The  alloys  were  prepared  by  arc-melting  stoichiometric 
ratios  of  the  pure  elements  (Fe:  99.95%,  Ge:  99.999%,  and 
rare-earths:  99.9%  pure)  under  Ti-gettered  argon  to  yield  —2 
g  ingots.  To  allow  for  the  inevitable  loss  of  Tm  and  Yb  by 
evaporation  during  arc  melting,  excess  Tm  (10%)  and  Yb 
(25%)  was  added  to  the  starting  mixture.  Room  temperature 
Mossbauer  spectroscopy  showed  both  the  magnetic  pattern 
of  the  1-6-6  phase  with  typically  a  10% -20%  contamina¬ 
tion  from  the  nonmagnetic,  tetragonal  1-2-2  phase.3  An¬ 
nealing  at  900  °C  for  two  weeks  sealed  under  vacuum  in 
quartz  tubes  yielded  single-phase  1-6-6  alloys. 

Powder  x-ray  diffraction  patterns  were  obtained  using 
Cu-Ka  radiation  on  an  automated  Nicolet-Stoe  diffracto¬ 
meter.  The  structures  of  the  annealed  alloys  were  found  to  be 
in  agreement  with  those  reported  by  Venturini  et  al.}  with 
the  exception  of  the  Gd  alloy  where  we  found  no  evidence 
for  the  superlattice  structure  and  Pnma  space  group  they  re¬ 
ported.  Our  GdFe6Ge6  alloy  showed  the  much  simpler  hex- 


a)On  leave  from  Centre  for  the  Physics  of  Materials  and  Department  of 
Physics,  McGill  University,  3600  University  St.,  Montreal,  Quebec, 
Canada. 


agonal  P6/mmm  structure  found  also  in  the  Yb  and  Lu  al¬ 
loys. 

Mossbauer  spectra  were  obtained  at  room  temperature  in 
transmission  geometry  on  a  conventional  constant- 
acceleration  drive  using  a  1  GBq  57CoRh  source.  The  instru¬ 
ment  was  calibrated  with  a  natural  iron  foil  and  all  isomer 
shifts  are  given  relative  to  that  standard.  60-80  mg  samples 
were  hand  ground  and  dispersed  in  graphite.  Resonant  ab¬ 
sorptions  of  7%— 10%  were  obtained. 

Thermogravimetric  analysis  was  carried  out  on  a 
Perkin-Elmer  TGA-7  in  a  small  field  gradient  to  look  for 
evidence  of  ferromagnetic  or  ferrimagnetic  ordering.  The 
Neel  temperatures  of  the  alloys  were  measured  on  a  Perkin- 
Elmer  DSC-7,  using  the  heat  capacity  peak  at  TN  as  the 
signature  of  ordering.  Both  systems  were  calibrated  using 
standard  alumel  and  nickel  samples.  A  LakeShore  suscepti¬ 
bility  system  with  a  closed-cycle  refrigerator  was  used  to 
record  ^ac  vs  T  down  to  12  K.  Magnetization  measurements 
were  carried  out  on  a  Quantum  Design  SQUID  down  to  2  K 
in  fields  of  up  to  5  T. 

RESULTS  AND  DISCUSSION 

The  room  temperature  Mossbauer  spectra  of  the  an¬ 
nealed  samples  (Fig.  1)  show  a  magnetically  ordered,  six- 
line  pattern  with  a  splitting  of  —15  T,  half  that  found  in  a:-Fe, 
suggesting  an  iron  moment  of  about  1  ijlb  .  There  is  no  evi¬ 
dence  of  either  magnetic  or  nonmagnetic  contaminants. 
Thermogravimetric  analysis  (TGA)  measurements  showed 
no  sign  of  either  ferromagnetic  or  ferrimagnetic  order  be¬ 
tween  300  and  600  K.  Given  the  obvious  magnetic  order  on 
the  iron  sites  observed  by  Mossbauer  spectroscopy,  we  con¬ 
clude,  as  before,1,2  that  the  ordering  in  all  of  these  alloys  is 
antiferromagnetic.  The  Mossbauer  parameters  for  the  alloys 
studied  here  are  summarized  in  Fig.  2.  The  three  crystal 
structures  adopted  by  the  alloys  in  this  series  are  closely 
related  and  is  it  clear  from  the  absence  of  any  jumps  in  the 
hyperfine  parameters  that  the  local  environment  of  the  iron 
remains  essentially  unchanged  as  the  structure  passes  from 
Cmcm  (Y-Ho)  through  Immm  (Er,Tm)  to  P6/mmm  (Yb,Lu). 
Furthermore,  the  easy  axis  of  magnetization  must  remain  in 
the  basal  plane  at  room  temperature  in  all  of  the  alloys  since 
the  quadrupole  splitting  is  essentially  constant  across  the  se¬ 
ries. 
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FIG.  3.  Top:  Neel  temperature  of  the  Fe  sublattice,  derived  from  DSC  mea¬ 
surements.  Bottom:  Curie-Weiss  temperatures  for  the  rare-earth  sublattice 
obtained  from  fits  to  ^ac  vs  T  above  12  K,  or  SQUID  data  down  to  2  K. 


FIG.  1.  Room  temperature  Mossbauer  spectra  of  the  annealed  RFe6Ge6 
alloys.  Solid  lines  are  fits  assuming  a  single,  magnetically  ordered  iron  site. 

The  most  surprising  feature  of  this  system  is  the  fact  that 
both  the  hyperfine  field  at  the  iron  nucleus  (. Bhf ,  Fig.  2)  and 
Tn  (Fig.  3)  are  essentially  independent  of  the  rare-earth 
present.  Apart  from  a  gradual  decline  in  Bhf  (5%)  and  Tn 
(2%)  there  appears  to  be  no  significant  change  in  the  mag¬ 
netic  properties  on  going  from  Gd  to  Lu.  These  results  sug¬ 
gest  that  the  rare-earth  sublattice  does  not  order  with  the  iron 
at  480  K,  furthermore,  an  earlier  study1  found  no  evidence  of 


Rare  Earth 

FIG.  2.  Summary  of  fitted  hyperfine  parameters  at  room  temperature  for  all 
of  the  RFe6Ge6  alloys  studied  here.  Error  bars  are  derived  from  statistical 
uncertainties.  Values  obtained  from  samples  before  and  after  annealing  are 
shown  in  several  cases,  and  agree  within  error.  Data  on  two  Gd  alloys  are 
included  as  a  consistency  check. 


rare-earth  ordering  down  to  90  K.  One  possible  explanation 
for  this  behavior  could  lie  in  the  magnetic  structure  of  the 
iron  sublattice.  The  ordered  state  of  the  binary  FeGe  com¬ 
pound,  from  which  the  1-6-6  alloys  studied  here  are  de¬ 
rived,  consists  of  ferromagnetic  Fe  planes  coupled  antiferro- 
magnetically  to  each  other.4  The  1-6-6  structures  are 
formed  by  placing  rare-earth  atoms  between  the  iron  planes, 
and  if  the  magnetic  structure  of  the  parent  FeGe  compound  is 
retained,  there  could  be  a  net  cancellation  of  the  Fe-R  ex¬ 
change  at  the  rare-earth  sites,  effectively  isolating  them  from 
the  ordering  of  the  iron  moments.  Since  the  rare-earth  mo¬ 
ments  do  order  in  RFe2Ge2  where  the  iron  atoms  carry  no 
moment,5  it  seems  reasonable  to  expect  order  to  develop  on 
the  rare-earth  sublattice  at  low  enough  temperatures.  Figure 
3  shows  paramagnetic  ordering  temperatures  (6p)  derived 
from  Curie-Weiss  fits  to  *ac  data  measured  down  to  12  K. 
Except  for  the  case  of  GdFe6Ge6,  all  of  the  extrapolated 
ordering  temperatures  lie  below  the  limit  of  the  closed-cycle 
refrigerator,  while  the  value  for  the  Tm  alloy  is  in  fact 
slightly  negative.  6p  scales  approximately  with  the  deGennes 
factor  for  the  rare-earths,  except  for  the  case  of  the  Tb  alloy, 
where  6p  is  too  low. 

Our  data  for  GdFe6Ge6  suggest  that  it  orders  ferromag- 
netically  at  30.5  ±0.2  K,  giving  a  large  susceptibility  that 
saturates  below  T c .  This  may  not  be  the  first  observation  of 
ordering  in  GdFe6Ge6,  as  an  earlier  study  of  GdFe2Ge2 
showed  a  susceptibility  feature  close  to  this  temperature  in 
an  off-stoichiometry  sample  which  may  have  contained  some 
1-6-6  as  an  impurity,  although  no  details  about  phase  purity 
were  given.6  In  order  to  confirm  our  view  of  the  magnetic 
structure  of  the  Gd  compound,  and  to  determine  ordering 
temperatures  for  some  of  the  other  alloys,  we  also  carried  out 
measurements  on  a  SQUID  magnetometer  that  could  be  op¬ 
erated  down  to  2  K.  Ordering  temperatures,  taken  from  the 
kink  in  a  plot  of  Ifx  vs  7\  are  also  shown  on  Fig.  3.  These 
are  in  agreement  with  the  values  extrapolated  from  12  K 
except  in  the  case  of  the  Ho  alloy  whose  ordering  tempera¬ 
ture  is  somewhat  higher  than  expected.  The  magnetization  at 
2  K,  converted  to  /jlb  per  formula  unit,  is  shown  in  Fig.  4 
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FIG.  4.  Ordered  moment  per  formula  unit  at  2  K  (solid  symbols)  compared 
with  gJ  for  the  corresponding  free  ion  (open  symbols)  for  the  RFe6Ge6 
alloys  that  ordered  above  2  K. 


along  with  values  of  gJ  for  each  of  the  rare-earths.  A  differ¬ 
ence  of  about  2ijlb  is  apparent  in  each  case.  Some  of  this  is 
clearly  due  to  the  measurements  being  carried  out  rather 
closer  to  Tc  than  ideal,  and  a  further  contribution  can  be 
attributed  to  a  failure  to  saturate  the  magnetization  in  5  T  for 
all  of  the  samples  other  than  GdFe6Ge6.  The  origin  of  the 
discrepancy  remains  a  problem  for  the  Gd  alloy,  which  was 
measured  at  0.15  Tc  and  had  saturated.  Two  simple  explana¬ 
tions  would  be  either  a  noncollinear  ordering  of  the  Gd  sub¬ 
lattice,  or  an  Fe-Gd  interaction  that  modifies  the  antiferro¬ 
magnetic  order  on  the  Fe  sublattice  so  as  to  yield  a  net 
magnetization  directed  against  that  of  the  Gd  sublattice.  The 
high  capture  cross-section  of  Gd  makes  neutron  diffraction 
essentially  impossible  and  so  direct  structural  measurements 
are  not  available.  Preliminary  155Gd  and  57Fe  Mossbauer 
measurements  at  low  temperatures  have  confirmed  that  the 
Gd  moments  do  order  at  30  K  and  that  the  iron  sublattice 
does  not  appear  to  be  affected  in  any  way  by  this  ordering.7 

CONCLUSIONS 

Mossbauer  and  magnetization  measurements  on 
RFe6Ge6  alloys  with  R  =  Y,  Gd-Lu,  indicate  that  the  antifer¬ 


romagnetic  ordering  of  the  iron  sublattice  at  7^—480  K,  is 
unaffected  by  changes  to  the  rare-earth  element  present.  Fur¬ 
thermore,  the  rare-earth  sublattice  orders  ferromagnetically 
at  much  lower  temperatures,  ranging  from  30  K  for  the  Gd 
alloy,  to  3  K  in  the  case  of  Er,  without  affecting  the  order  on 
the  iron  sublattice.  The  difference  in  ordering  temperature 
between  the  iron  and  rare-earth  sublattices,  which  is  never 
less  than  a  factor  of  10,  coupled  with  the  unrelated  magnetic 
structures  adopted,  indicates  that  the  two  magnetic  species 
order  independently,  and  that  the  Fe-R  exchange  is  essen¬ 
tially  zero. 
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Cobalt-doped  carbon  nanotubes:  Preparation,  texture, 
and  magnetic  properties 
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The  nested  carbon  nanotubes  discovered  by  Ijima  and  co-workers  as  a  by-product  of  fullerene 
production  extended  the  dimension  and  geometries  of  fullerenes  into  the  domain  of  nanoparticles. 
These  nanotubes  are  fiberlike  structures  consisting  of  concentric  graphite  sheets  nested  along  the 
axis  extending  as  long  as  several  micrometers,  and  diameters  of  these  nanotubes  are  limited  to  less 
than  100  nm.  In  this  paper  we  report  preparation,  structural  and  magnetic  properties  of  cobalt-doped 
carbon  nanotubes.  We  observed  a  tubular  structure  made  of  coaxial  graphite  sheets.  The  inside,  of 
these  carbon  nanotubes,  was  filled  with  cobalt  particles.  The  magnetic  properties  of  the  Co-doped 
nanotubes  were  measured  using  a  SQUID  magnetometer.  The  undoped  (pure)  carbon  nanotubes 
exhibit  diamagnetic  behavior.  The  Co-doped  nanotubes  exhibit  superparamagnetic  behavior  with 
saturation  of  magnetization  at  about  0.5  T  and  coercive  field  of  750  G.  ©  1996  American  Institute 
of  Physics.  [S0021-8979(96)00908-l] 


I.  INTRODUCTION 

The  nested  carbon  nanotubes  discovered  by  Ijima1,2  as  a 
by-product  of  fullerene  production  extended  the  dimension 
and  geometries  of  fullerenes  into  the  domain  of  nanoparticles 
and  perhaps,  to  nanowires.  Structurally  engineered  materials 
with  nanometer-sized  entities,  such  as  superlattices  and 
granular  solids,  etc.,  have  attracted  much  attention  in  recent 
years  because  of  their  distinctive  properties  and  potential  for 
technological  applications.  Interest  in  the  unique  electrical 
and  thermal  properties  of  these  nanotube  structures  is  a  result 
of  several  theoretical  calculations  which  suggest  that  the 
structures  might  have  either  metallic  or  semiconductor 
properties.3”6  These  nanotubes  are  fiberlike  structures  con¬ 
sisting  of  concentric  graphite  sheets  nested  along  the  axis 
and  extending  as  long  as  several  micrometers.1  This  type  of 
tubular  filament  or  carbon  shell,  containing  a  metal  micro¬ 
crystal  less  than  100  nm  in  size,  is  made  by  a  catalytic 
reaction.2,7 

The  work  of  Audier  et  al?  emphasizes  the  role  of  crys¬ 
tallographic  orientation  of  the  metal  crystal  upon  the  growth 
and  degree  of  graphitization  of  carbon  filaments.  The  objec¬ 
tives  of  the  present  study  are  to  fabricate  doped  carbon  nano¬ 
tubes,  to  examine  the  magnetic  properties,  and  to  emphasize 
the  textural  approach  when  attempting  to  understand  the  ob¬ 
served  enhanced  magnetic  properties  of  these  materials. 

II.  EXPERIMENTAL  AND  RESULTS 

First,  a  graphite  rod  doped  with  cobalt  was  prepared  by 
mixing  “anisotropic”  pitch  with  colloidal  cobalt.  This  mix¬ 
ture  produces  a  homogeneous,  two  phase  dispersed  system 
(sol-gel).  After  hot  pressing,  pyrolysis,  stabilization,  and  car¬ 
bonization,  a  doped  graphite  rod  is  obtained.  This  rod  was 
used  as  the  anode  in  an  arc  discharge  process.  The 
Kratschmer-Huffman  method  was  used  to  prepare 


nanotubes.8  During  this  process  the  doped  graphite  evapo¬ 
rates  at  the  anode  and  a  carbon  deposit  (slag)  is  formed  on 
the  cathode.  Samples  from  the  slag  collected  from  the  dc 
electric  discharge  process  were  examined  using  transmission 
electron  microscopy  (TEM).  We  observed  a  tubular  structure 
made  of  coaxial  graphite  sheets.  These  carbon  nanotubes  are 
filled  with  particles  of  cobalt.  Two  samples  were  made  using 
the  arc  discharge  method.  Sample  A  was  produced  using  pure 
carbon  rods;  B  was  made  using  cobalt-doped  carbon  rods. 
TEM  characterization  using  lattice  fringe  (LF002)  mode 
shows  that  the  pure  carbon  nanotubes  without  cobalt  contain 
several  tubes  of  100  nm  in  diameter  and  about  1  /nm  in 
length.  The  tube  walls  consist  of  at  least  three  or  four  layers 
of  graphite  and  resemble  the  construction  of  a  cardboard  tube 
[Fig.  1(a)].  Sample  B,  however,  as  Fig.  1(b)  shows,  consists 
of  nanotubes  containing  cobalt  particles.  The  doped  carbon 
nanotube  yield  seems  to  be  directly  related  to  the  homoge¬ 
neity  of  the  pitch/cobalt  powder  mixture  and  the  density  of 
the  electrode  during  the  fabrication  process.  In  comparison  to 
the  catalysis  method,3  the  arc  discharge  process  allows  us  to 
produce  a  higher  yield  of  doped  carbon  nanotubes.  The 
maximum  yield  obtained  is  18%.  The  magnetization  was 
measured  using  a  SQUID  magnetometer  (Quantum  Design, 
Inc.)  with  an  applied  magnetic  field  -2  T^H^2  T  in  steps 
of  0.05  T  at  10  K.  In  order  to  observe  clearly  the  remanence 
and  the  coercive  field,  the  measurement  step  was  0.002  T 
within  0.05  T  range.  Figure  2  show  the  magnetization  versus 
applied  magnetic  field.  It  is  evident  that  for  pure  nanotubes, 
sample  A,  the  magnetic  behavior  is  diamagnetic  with  nega¬ 
tive  magnetic  susceptibility.  For  pure  Co  powder  (sample  C), 
the  magnetization  curve  shows  ferromagnetic  behavior  with 
hysteresis  loop  (Fig.  3).  The  Co  powder  and  carbon  nanotube 
mixture  (sample  D)  show  ferromagnetic  behavior  at  low- 
field  range  (Fig.  4),  however  the  behavior  of  sample  D 
changes  into  diamagnetic  behavior  with  negative  magnetic 
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FIG.  1.  (a)  Lattice  fringes  LF002  of  pure  carbon  nanotube,  (b)  Lattice 
fringes  LF002  of  cobalt-doped  carbon  nanotube. 


FIG.  3.  Magnetization  of  pure  300  mesh  cobalt  powder  at  10  K. 


susceptibility  after  1.7  T  (inset  of  Fig.  4).  For  Co- “doped” 
nanotube,  its  magnetization  curve  shows  typical  ferromag¬ 
netic  behavior  (Fig.  5)  and  has  a  higher  coercive  force  than 
that  of  pure  Co  powder.  The  values  of  saturation  magnetiza¬ 
tion,  remanence,  coercive  field,  and  saturation  field  of  all  the 
specimens  are  listed  in  Table  1. 

The  cobalt-doped  nanotubes,  sample  B,  exhibit  satura¬ 
tion  in  magnetization  versus  field  data.  This  material  satu¬ 
rated  at  about  0.5  T  which  is  approximately  half  the  value 
exhibited  by  bulk  cobalt.1  The  coercivity  of  the  doped  nano¬ 
tubes  was  around  0.075  T. 

The  pure  carbon  nanotube  sample  exhibits  diamagnetism 
as  one  may  expect.  For  the  Co  powder,  the  magnetization 
data  show  magnetic  properties  similar  to  bulk  Co.  The 
sample  D,  which  is  a  mixture  of  Co  powder  and  pure  carbon 
nanotube,  shows  the  tendency  of  magnetization  saturation  up 
to  1  T  (Fig.  4).  However,  above  1  T  one  observed  a  linear 
decrease  in  magnetization  with  increasing  applied  magnetic 
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FIG.  2.  Magnetization  of  pure  nanotube  at  10  K. 
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FIG.  4.  Magnetization  of  carbon  nanotube  and  cobalt  powder  mixture  at  10 
K. 
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FIG.  5.  Magnetization  of  cobalt-doped  carbon  nanotube  at  10  K. 


field.  This  behavior  of  magnetization  (Fig.  4)  can  be  ex¬ 
plained  by  additive  effect  of  ferromagnetic  saturation  of  Co 
magnetization  and  diamagnetic  decrease  in  the  magnetiza¬ 
tion  of  pure  carbon  nanotubes  with  increasing  field.  The  Co¬ 
doped  nanotube  samples  show  saturation  of  magnetization 
much  faster  (at  -0.5  T)  compared  to  pure  Co  powder  sample 
(at  —1.7  T).  In  addition  we  also  observe  that  the  coercive 
field  also  increases  by  a  factor  of  more  than  five.  It  is  esti¬ 
mated  that  in  the  Co-doped  nanotube  samples  the  size  of  Co 
particles  inside  nanotubes  ranges  from  7  to  50  nm.  The  mag¬ 
netic  properties  of  Co-doped  nanotube  exhibit  most  likely 
superparamagnetic  behavior. 

III.  DISCUSSION  AND  CONCLUSION 

In  summary,  the  TEM  results  show  clearly  that  the  struc¬ 
ture  of  cobalt-doped  carbon  nanotubes  is  similar  to  that  ex¬ 
hibited  by  pure  carbon  nanotubes.  Also,  the  Kratschmer- 
Huffman  method  produces  a  higher  yield  of  doped  carbon 
nanotubes  than  catalysis,  but  with  smaller  lengths  and 
diameters.7  In  this  work,  we  observe  that  the  magnetic  prop- 


TABLE  I.  Values  of  saturation  magnetization,  remanence,  coercive  field, 
and  saturation  field  for  all  specimens. 


Sample  name 

A  (pure  C 
nanotube) 

C 

(Co  powder) 

D 

(Co  powder  and 
pure  C 
nanotube) 

B  (Co-doped 
nanotube) 

Magnetization 

(emu/g) 

-0.37 

160 

3.45 

3.2 

Remanence 

(emu/g) 

none 

8 

0.16 

1.5 

Coercive  field 
(G) 

none 

+  140 

+  140 

+750 

Saturation  field 
(T) 

none 

1.7 

1.7 

0.5 

erties  of  pure  carbon  nanotube  are  diamagnetic,  cobalt  pow¬ 
der  are  ferromagnetic,  like  bulk  cobalt,  and  the  magnetic 
behaviors  of  the  mixture  has  the  results  of  additive  effect. 
For  Co-doped  nanotubes  the  magnetization  increases  rapidly 
at  low  fields,  the  magnetization  saturates  faster  at  lower  field 
and  there  is  no  diamagnetic  behavior  after  the  saturation. 
These  intriguing  magnetic  properties  are  most  likely  related 
to  the  low  dimensionality  of  the  cobalt  entities.  The  magnetic 
properties  of  cobalt  particles  can  be  significantly  altered  by 
the  nanometric  size,  their  specific  surface  area  and  the  tubu¬ 
lar  shape  of  doped  carbon  materials.  The  carbon  nanotubes 
possibly  cause  the  easy  magnetization  direction  of  Co  par¬ 
ticles  in  the  nanotube  to  align  well  along  the  tube  axis  and 
lead  to  fast  saturation  of  the  magnetization. 
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Assemblies  of  ferromagnetic  cylinders  made  of  Ni  with  diameters  ranging  from  35  to  250  nm  were 
produced  by  electrodeposition  in  nanoporous  membranes.  The  large  coercive  fields  of  Ni  nano  wires 
at  low  temperature  could  be  accounted  for  by  the  curling  mode  of  magnetization  reversal,  taking 
into  account  the  distributions  of  wire  diameters  and  orientations.  The  coercive  field  of  the  nanowires 
of  the  smaller  diameter  range  decreased  from  1500  Oe  at  20  K  to  200  Oe  at  300  K  nearly  linearly. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)40808-X] 


I.  INTRODUCTION 

Characterization  and  understanding  of  the  magnetic 
properties  of  small  particles  have  been  a  challenge  for  de¬ 
cades  and  prompted  intense  research  activity,  motivated  in 
particular  by  applications  in  magnetic  recording  technology. 
Some  simple  problems  remain  unclear.1  For  example,  the 
reversal  mode  of  the  magnetization  of  a  perfect  cylinder  is 
still  the  subject  of  theoretical  predictions.2  Comparison  with 
experiments  most  often  suffered  from  the  difficulty  of  pro¬ 
ducing  samples  with  well  characterized  morphologies.  Fur¬ 
thermore,  the  limited  sensitivity  of  magnetic  measurements 
necessitates  the  study  of  a  large  number  of  particles.  Conse¬ 
quently  samples  present  a  dispersion  in  morphological  fea¬ 
tures.  We  prepared  well  defined  and  reproducible  assemblies 
of  ferromagnetic  cylinders  by  electrodepositing  ferromag¬ 
netic  metals  in  the  cylindrical  pores  of  polycarbonate  track- 
etched  (PCTE)  membranes  of  thicknesses  between  6  and  10 
ytrni.  This  method  made  possible  the  production  of  wires  as 
small  as  30  nm  in  diameter.  One  advantage  of  this  technique 
is  the  possibility  of  changing  the  composition  of  the  deposit, 
allowing  the  comparison  of  the  magnetic  properties  of  vari¬ 
ous  materials  in  exactly  the  same  morphology.  We  could  also 
extend  the  technique  to  the  synthesis  of  wires  with  alternat¬ 
ing  metals,  thus  opening  the  study  to  magnetic  grains  with 
controlled  shape  and  separation.3  The  technique  of  making 
small  wires  with  diameters  under  100  nm  has  been  exten¬ 
sively  studied  for  the  case  of  aluminum  oxide  porous  mem¬ 
branes  (alumite).4-6  Alumite  can  have  a  pore  density  as  high 
as  10u  pores/cm2.  It  has  been  shown  that  magnetostatic  in¬ 
teractions  among  the  wires  cannot  be  neglected.6,7  In  con¬ 
trast,  the  highest  pore  density  of  commercially  available 
PCTE  is  6X108  pores/cm2  and  lower  densities  can  be  pro¬ 
duced.  In  this  study,  we  found  that  the  coercive  field  of 
nanowires  depended  on  the  diameter  like  in  the  manner  ex¬ 
pected  of  acicular  particles  or  wires,  and  showed  how  the 
distribution  of  pore  orientation  of  commercially  available 
PCTE  change  the  average  magnetic  properties  of  filled  mem¬ 
branes. 


II.  SAMPLE  PREPARATION 

We  used  commercially  available  nanoporous  PCTE 
membranes.8  Experimental  details  on  growth  and  morpho¬ 
logical  characterization  of  nano  wires  have  been  published.9 


The  technique  of  elctrodeposition  in  such  nanoporous  tem¬ 
plates  has  been  recently  reviewed10  and  initial  results  about 
Co  and  Ni  wires  have  been  reported.11,12 

III.  RESULTS  AND  DISCUSSION 

We  used  a  commercial  superconducting  quantum  inter¬ 
ference  device  (SQUID)  magnetometer  to  measure  between 
2  and  400  K  the  magnetic  moments  of  discs  of  3  mm  in 
diameter  which  were  cut  out  of  Ni-filled  membranes  and 
contained  about  1  jig  of  Ni.  The  hysteresis  curves  were  mea¬ 
sured  with  the  applied  field  perpendicular  or  parallel  to  the 
membrane  plane  (Fig.  1).  The  anisotropy  of  the  sample  ap- 


field  [Oe] 

FIG.  1.  Hysteresis  loops  for  an  assembly  of  Ni  nanowires  with  a  mean 
diameter  of  53  nm  at  5  K  (dots).  The  continuous  line  is  the  prediction  of  the 
Stoner- Wohlfarth  model.  The  wires  were  oriented  predominantly  parallel 
(a)  or  perpendicular  (b)  to  the  applied  field. 
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peared  clearly.  The  data  can  be  easily  understood  in  terms  of 
the  alignment  of  the  wires.  We  calculated  the  hysteresis 
curves  for  the  Stoner- Wohlfarth  (SW)  model  of  uniform  ro¬ 
tation  with  a  uniaxial  magnetic  anisotropy13  which  was  taken 
to  be  the  shape  anisotropy  only.  We  took  into  account  the 
fact  that  the  wires  were  not  perfectly  aligned  perpendicularly 
to  die  membrane  by  assuming  a  uniform  probability  distri¬ 
bution  p{a)  of  the  angle  a  between  the  wire  axis  and  the 
normal  to  the  plane  of  the  membrane,  ranging  from  0  to  am 

p(a)da=- - sin  ada.  m 

1  -  cos  am  y  > 

The  value  of  the  maximum  angle  am  of  34°  was  pro¬ 
vided  by  the  manufacturer.  The  hysteresis  curves  (Fig.  1) 
were  calculated  as  weighted  averages  of  the  prediction  of  the 
SW  model  for  the  magnetization  for  all  possible  orientations 
of  the  wires  with  respect  to  the  applied  field. 

The  influence  of  the  neighboring  wires  could  be  esti¬ 
mated  as  an  additional  demagnetizing  field.  In  the  case 
where  the  membrane  was  perpendicular  to  the  field,  it  was 
estimated  as  the  field  produced  by  a  uniform  film  with  the 
same  magnetization  as  that  of  the  filled  membranes 

Hd=AttMp ,  (2) 

where  M  is  the  average  magnetization  and  p  is  the  porosity 
of  the  membrane.  As  the  highest  density  which  is  commer¬ 
cially  available  is  limited  to  6X108  pores/cm2,  the  porosity 
was  limited  to  a  few  percents.  For  the  sample  of  Fig.  1,  the 
maximum  value  of  H q  was  85  Oe  only.  In  the  case  where  the 
membrane  was  parallel  to  the  field  [Fig.  1(b)],  the  demagne¬ 
tizing  field  of  a  uniform  membrane  would  vanish.  The  dis¬ 
crepancy  between  the  data  and  the  (SW)  model  indicates 
that,  in  this  direction,  the  magnetostatic  interactions  among 
neighboring  wires  cannot  be  neglected.  Hence  the  angular 
distribution  of  wire  orientations  accounts  correctly  for  the 
observed  slopes  of  the  hysteresis  curve  in  the  orientation  of 
the  membranes  which  corresponds  to  the  greatest  alignment 
of  the  wires  with  the  field. 

The  dependence  of  the  coercive  field  on  the  average  di¬ 
ameter  of  the  Ni  wires  was  measured  at  20  K,  with  the  ap¬ 
plied  field  perpendicular  to  the  membranes  (Fig.  2).  We  in¬ 
terpreted  the  data,  as  it  is  customarily  done  for  elongated 
single  domain  particles, ^  in  terms  of  curling  and  uniform 
rotation.  We  took  into  account  the  angular  dependence  of  the 
nucleation  field  for  the  curling  mode  of  an  infinitely  long 
circular  cylinder  with  radius  R  (Ref.  15) 

Hn  _  hr{  1  +  ht ) 

2 "■«,  ~  [(l+/o)z-sinz0(l+2/tf)]1/2 

with 


h,=  - 1.08 

\ 


-2 


(3) 


where  6  is  the  angle  between  cylinder  axis  and  applied  field 
and  A  is  the  exchange  constant.  We  used  the  angular  distri¬ 
bution  of  wire  orientations  as  above  and  the  commonly  ac¬ 
cepted  value  of  A  of  10"11  J/m  (10~6  ergs/cm).16  As  each 
sample  had  a  distribution  of  wire  diameters,12  a  fraction  of 


FIG.  2.  Coercive  field  at  20  and  300  K  (dots).  The  full  line  represents  the 
curling  mode  for  the  assembly  of  misaligned  cylinders  described  in  the  text. 
The  broken  line  represents  the  curling  mode  for  one  cylinder  aligned  with 
the  field. 


the  wires  might  undergo  uniform  rotation  and  the  others  curl¬ 
ing.  The  diameter  d0  which  characterizes  the  transition  from 
uniform  rotation  to  curling  is  d0  =  2XAia/Ms  =  41  nm.  This 
simple  model  gave  a  fair  account  of  the  data  with  no  adjust¬ 
able  parameters  (Fig.  2).  The  angular  distribution  of  the 
wires,  which  was  known  and  well  reproducible  in  our 
samples,  plays  a  major  role  in  the  outcome  of  this  calcula¬ 
tion.  The  observed  coercive  field  was  found  somewhat  larger 
than  the  prediction  of  the  model,  by  an  amount  of  the  order 
of  200  Oe  (5X103  J/m3).  One  can  expect  a  contribution  of 
magnetostrictive  effects  to  the  coercivity.  The  coercive  field 
due  to  the  magnetostrictive  energy  of  elongated  particles  can 
be  estimated  by17 


where  \  is  the  saturation  magnetostriction  coefficient  and  a 
the  stress.  Taking  the  value  of  \  of  polycrystalline  Ni  and 
assuming  that  the  excess  coercivity  of  ~200  Oe  was  due  to 
magnetostrictive  effects,  Eq.  (4)  yields  an  estimate  of  the 
stress  of  9X107  N/m2.  Electrodeposited  Ni  films  are  known 
to  have  indeed  internal  tensile  stresses  of  -7X107  N/m2 
(R^f-  18).  While  the  data  on  the  low  temperature  coercive 
fields  can  be  understood  in  a  commonly  accepted  view,  two 
observations  cast  some  doubts  on  this  simple  interpretation. 

First,  the  temperature  dependence  of  the  coercive  field 
was  found  quite  large  in  wires  of  the  smaller  diameters,  and 
nearly  linear  over  a  wide  temperature  range  (Fig.  3).  This  is 
in  contrast  with  predictions  of  models  of  nucleation  by  ther¬ 
mal  activation  over  an  anisotropy  barrier,  leading  to  a  Tm 
variation.  Even  if  a  reasonable  distribution  of  barriers  is  as- 
sumed,  the  temperature  dependence  is  still  reminiscent  of  a 
T  dependence.19  Linear  temperature  dependence  of  the  co¬ 
ercive  field  was  observed  in  acicular  Fe203  (Ref.  20)  and  in 
percolating  granular  Fe-Si02  composites.21 

Second,  the  presence  of  large  magnetostrictive  effects 
was  observed  by  taking  advantage  of  our  template  synthesis 
to  produce  assemblies  of  permalloy  wires  identical  to  the  Ni 
wire  assemblies.  The  large  temperature  dependence  vanished 
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FIG.  3.  Temperature  dependence  of  the  coercive  field  for  Ni  nanowires  with 
different  diameters.  The  lines  are  a  guide  to  the  eye. 


in  the  permalloy  wires.  Furthermore,  when  the  Ni  wires  were 
freed  from  the  membrane  by  dissolving  it,  the  temperature 
dependence  of  the  coercive  field  also  disappeared. 

These  observations  suggest  that  in  Ni  nanowires,  the  co- 
ercivity  is  dominated  by  magnetostrictive  effects.  Owing  to 
the  large  mismatch  of  the  thermal  expansion  coefficients  of 
Ni  and  polycarbonate,  thermal  stresses  and  the  resulting 
magnetrostrictive  effects  may  determine  the  dependence  of 
the  coercive  field  on  both  diameter  and  temperature.  Further 
tests  and  modeling  would  be  required  to  ascertain  the  under¬ 
lying  mechanisms  which  account  for  the  coercivity  of  the 
nano  wires. 

IV.  CONCLUSION 

Assemblies  of  magnetic  nanowires  were  produced  by 
electrodeposition  in  nanoporous,  track-etched,  polycarbonate 
membranes.  This  template  synthesis  allows  the  production  of 
well  reproducible  nanowire  assemblies.  However,  the  com¬ 
mercially  available  nanoporous  membranes  have  a  distribu¬ 
tion  of  wire  orientations  which  at  times  precludes  conclusive 
characterization,  such  as  the  measurement  of  the  angular  de¬ 


pendence  of  the  coercive  field  in  order  to  test  for  curling  or 
uniform  reversal  of  the  magnetization.  The  high  coercive 
fields  of  Ni  nanowires  at  low  temperature  could  be  accounted 
for  by  a  model  of  curling  in  the  larger  wires,  and  uniform 
rotation  with  a  shape  anisotropy  only  in  the  smaller  wires. 
However,  the  temperature  dependence  of  the  coercive  field 
and  its  disappearance  when  the  wires  are  freed  from  the  em¬ 
bedding  matrix  or  when  Ni  is  replaced  by  permalloy  indi¬ 
cated  that  the  model  of  curling  and  uniform  rotation  might  be 
too  simple  a  picture. 
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Negative  remanence  in  magnetic  nanostructures 
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In  nearly  percolating  magnetic  granular  (Ni,Fe)-Si02  films,  we  observed  negative  remanence,  or  a 
negative  remanent  magnetization,  upon  removing  the  positively  applied  magnetic  field  to  zero.  We 
propose  that  there  exist  both  superparamagnetic  and  ferromagnetic  components  due  to  different 
connectivity  of  magnetic  nanometer  scaled  particles,  as  supported  by  the  dark  field  transmission 
electron  microscopy  images.  The  magnetostatic  interaction  between  them  favors  an  opposite 
alignment.  Moreover,  the  two-component  hypothesis  explains  satisfactorily  the  dependencies  of  the 
negative  remanence  on  temperature  and  magnetic  volume  fraction.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)02608-6] 


Magnetic  granular  or  nanostructured  films,  or  specifi¬ 
cally  metal-insulating  composite  films  with  nanometer  scaled 
ferromagnetic  metal  particles,  have  attracted  much  attention 
in  the  last  few  decades,1"3  due  to  a  rich  variety  of  interesting 
transport,  magnetic,  and  mechanical  properties,4-6  depending 
strongly  on  the  size  of  the  magnetic  particles  and  its  distri¬ 
bution.  When  x  is  well  below  the  percolation  threshold,  or 
x<xp!2 ,  the  ferromagnetic  particles  are  embedded  in  an  in¬ 
sulating  matrix  and  are  well  isolated,  and  the  collective  be¬ 
havior  of  the  whole  system  is  superparamagnetic  with  mea¬ 
sured  magnetic  susceptibility  inversely  proportional  to 
temperature  for  T>  Tb  ,  where  Tb  is  the  blocking  temperature 
above  which  the  magnetization  of  the  particles  can  rotate  to 
follow  the  external  magnetic  field.  The  blocking  temperature 
is  proportional  to  the  magnetic  anisotropic  energy  and  the 
volume  of  the  particles.  Thus  when  x>xp  where  most  of  the 
particles  are  connected,  the  whole  system  behaves  ferromag¬ 
netic  globally.  In  this  article,  we  report  the  observation  of  the 
negative  remanence  in  granular  (Ni,Fe)-Si02  films  where  the 
magnetic  particles  are  nearly  percolating.  The  morphologies 
of  the  films  were  illustrated  to  have  both  isolated  as  well  as 
connected  magnetic  particles,  suggesting  the  coexistence  of 
both  superparamagnetic  (SPM)  and  ferromagnetic  (FM) 
components.  We  further  propose  that  the  magnetostatic  inter¬ 
action  between  the  SPM  and  the  FM  components,  which  can 
favor  the  opposite  alignment. 

Granular  (NiJFe)x-(Si02)i-~x  films  were  prepared  using  a 
Denton  magnetron  rf  sputtering  system.6  It  was  determined 
that  the  magnetic  particles  are  mainly  Ni  with  less  than  20% 
Fe  for  x  above  0.4,  and  the  magnetic  volume  fraction  x'  is 
not  too  different  from  the  nominal  volume  fraction  x,  while 
the  matrix  is  the  insulating  amorphous  Si02.  The  average 
sizes  of  the  magnetic  particles  are  about  3-6  nm,  increasing 
smoothly  throughout  the  percolation  threshold  (xp  ~  0.6  ac¬ 
cording  to  resistivity6).  Direct  current  magnetization  was 
measured  for  all  those  films  between  5  and  300  K  using 
Quantum  Design's  SQUID  MPMS-5  system  for  the  magnetic 
field  applied  parallel  to  the  plane  of  the  films. 

Figure  1  shows  the  M-H  loop,  or  the  magnetization  as  a 
function  of  magnetic  field  from  10  kG  to  -10  kG  to  10  kG 
at  200  K  for  x =0.55.  Although  no  hysteresis  is  evident  in 
this  scale,  the  magnification  of  the  curve  does  show  some 
hysteresis  as  shown  in  the  inset  between  ±50  G.  It  is  impor¬ 
tant  to  note  that  the  remanent  magnetization  is  negative, 


upon  decreasing  the  magnetic  field  from  the  positively  satu¬ 
rated  field,  such  as  10  kG,  to  zero  at  200  K.  This  remanence 
is  as  large  as  -9%  compared  to  the  positively  saturated 
value.  The  dc  magnetic  susceptibility  near  zero  is  about  0.5, 
or  477^6.3. 

When  the  same  film  was  cooled  to  5  K  where  the  rota¬ 
tion  of  the  isolated  particles  were  frozen,  the  measured  rem¬ 
anent  magnetization  upon  removing  positive  magnetic  field 
from  10  kG  to  zero,  Mr ,  was  positive,  similar  to  the  behavior 
in  a  conventional  ferromagnet.  Figure  2  shows  Mr  and  zero- 
field-cooled  dc  magnetic  susceptibility  \  as  a  function  of 
temperature  for  the  same  film.  Note  that  upon  increasing 
temperature,  Mr  changes  sign,  through  0  at  about  100  K,  to  a 
negative  value  of  a  similar  amplitude  at  200  K  as  shown  in 
the  inset  of  Fig.  1.  The  temperature  region  where  M r  be¬ 
comes  negative  is  not  too  different  from  that  where  x  reaches 
maximal  and  begins  to  drop  very  slowly.  The  drop  in  x 
clearly  indicates  that  there  are  isolated  particles  whose  mag¬ 
netization  can  follow  the  external  magnetic  field  like  super¬ 
paramagnetic  materials.  This  indicates  that  the  negative  re¬ 
manence  is  associated  with  the  presence  of  the  super¬ 
paramagnetism  of  the  system.  However,  the  drop  in  x  does 
not  follow  1  IT  behavior  as  expected  for  a  superparamag- 


FIG.  1.  Magnetization  as  a  function  of  applied  external  magnetic  field  at 
200  K  for  x=0.55.  Inset  shows  the  M-H  loop  between  ±50  G.  Arrays 
indicate  the  sweep  direction  of  the  magnetic  field. 
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FIG.  2.  Remanent  magnetization  and  zero-field-cooled  magnetic  suscepti¬ 
bility  as  a  function  of  temperature  for  x  =  0.55. 


netism  with  a  uniform  size  distribution,  due  probably  to  the 
existence  of  a  finite  distribution  of  the  particle  sizes  that  lead 
to  a  finite  distribution  of  Tb  ? 

Figure  3  shows  the  remanent  magnetization,  Mr,  nor¬ 
malized  by  the  saturation  magnetization  at  10  kG,  Ms ,  as  a 
function  of*,  at  7=200  K.  Notice  that  the  value  of  MrIMs 
starts  from  almost  zero  for  x^0.3  with  a  clear  SPM  behavior, 
becomes  negative  only  for  the  nearly  percolating  films  with  * 
between  0.4  and  0.55,  and  then  changes  back  to  a  positive 
value  for  x^0.6  with  a  FM  behavior  which  is  also  conduct¬ 
ing  from  the  resistivity  measurement.  From  the  temperature 
dependence  of  x  f°r  various  x's,  one  concludes  that  both  Tb 
and  its  uncertainty  increase  upon  increasing  x,7  suggesting 
that  the  film  with  x  between  0.4  and  0.55  is  likely  in  a 
SPM-FM  mixture.  The  negative  value  of  the  remanence  is 
larger  than  (the  known)  experimental  error.8  Thus  the  nega¬ 
tive  remanence  might  be  associated  with  a  special  geometry 
of  the  magnetic  nanostructures,  in  which  both  isolated  and 
connected  particles  are  present,  corresponding  to  the  SPM 
and  FM  components,  and  that  the  phenomenon  disappears 
abruptly  when  the  magnetic  particles  are  percolated  through¬ 
out  the  film.  Systematic  studies  of  temperature  dependent 
remanence9  and  zero-field-cooled  ac  susceptibility  at  differ¬ 
ent  frequencies7  support  this  hypothesis. 

The  presence  of  a  sizeable  remanence  signifies  the  pres¬ 
ence  of  ferromagnetic  component  in  the  sample,  and  the 
negative  value  indicates  that  its  magnetization  response  is  in 
a  direction  opposite  to  the  external  field.  One  should  note 
that  similar  phenomena,  such  as  the  reverse  thermal- 
remanent  magnetization,  was  observed  in  geological 
materials,10  explained  in  terms  of  two  components  having 
different  Curie  temperatures,11  and  the  inverted  hysteresis 
loop  in  amorphous12  and  multilayered  materials,13,14  ex¬ 
plained  either  in  terms  of  interface  exchange  interaction13,14 
or  exchange  anisotropy.15  It  is  important  to  note  that  the 
negative  remanence  is  forbidden  in  magnetically  homoge¬ 
neous  materials  in  which  the  magnetization  is  the  order  pa¬ 
rameter  to  describe  its  thermodynamic  state,  and  is  possible 
only  in  magnetically  inhomogeneous  materials. 

The  nearly  percolating  granular  films  are  composition- 
ally  uniform  but  magnetically  inhomogeneous  systems  and 
the  inhomogeneous  is  due  to  different  magnetic  responses  of 
the  particles  of  different  sizes.  From  the  labyrinth  micro- 


FIG.  3.  The  remanent  magnetization  at  200  K,  normalized  by  the  saturation 
magnetization  in  the  positively  applied  field,  vs  x,  the  volume  fraction  of  the 
magnetic  particles. 


structure  as  displayed  by  TEM  dark  field  images  on  nearly 
percolating  films,9  it  is  likely  that  there  are  connected  par¬ 
ticles  which  behave  ferromagnetically  with  a  finite  coercivity 
and  a  finite  positive  remanence,  and  isolated  particles  which 
behave  superparamagnetically  with  zero  remanence  and  zero 
coercivity.  Contrary  to  the  interface  exchange  interaction13,14 
or  the  exchange  anisotropy15  models,  we  propose  that  the 
FM  component  was  aligned  antiparallel  with  respect  to  the 
magnetized  SPM  component  due  to  the  magnetostatic  inter¬ 
action. 

By  considering  dipole-dipole  interactions,  let  us  demon¬ 
strate  that  such  an  opposite  alignment  is  plausible  if  the 
anisotropically  shaped  FM  particles  are  embedded  in 
a  SPM  medium.  Consider  first  the  effective  field  created 
at  the  origin  by  a  volume  element  dV(=r2dr  dW- 
r2 X dr Xsin  0XddXdcp)  at  position  (r,0,p),  which  has  a 
form  MXdVX(  1-3  cos2  0)/r3,  where  M  is  the  magnetiza¬ 
tion  per  unit  volume  of  the  uniformly  magnetized  SPM  me¬ 
dium.  After  the  integration  in  angle  6  from  0  to  7 r,  this  will 
lead  to  zero  in  a  three  dimension  (3D).  Thus  for  a  uniformly 
magnetized  medium  of  infinite  size,  the  effective  field  inside 
the  medium  is  zero.  According  to  the  superposition  principle, 
the  effective  field  in  a  needle  hollow  of  a  uniform  medium 
should  have  the  same  value  but  opposite  sign  as  in  a  uniform 
long  needle.  Here  the  term  “needle”  refers  to  the  shape 
whose  length  is  much  larger  than  its  diameter.  Thus  when 
there  is  a  needle  hollow  in  a  uniformly  magnetized  medium 
of  magnetization  M,  the  effective  magnetic  field  inside  it  is 
-47tM  for  the  field  applied  parallel  to  the  needle  axis.  Plac¬ 
ing  a  FM  needle  inside  the  hollow  of  the  SPM  medium,  the 
total  magnetic  field,  which  is  the  sum  of  the  effective  field 
and  the  applied  field  Ha  on  a  FM  needle,  will  be  —  (477^—1) 
Ha ,  where  x=M/Ha  is  the  magnetic  susceptibility.  For 
4ttx>1,  the  magnetization  of  the  FM  needle  can  be  opposite 
to  the  external  field  provided  that  the  field  is  applied  along 
the  needle  axis. 

For  nearly  percolating  films,  the  length  of  the  connected 
particles  is  on  the  order  of  the  percolation  correlation  length, 
which  diverges  when  approaching  the  percolation  threshold. 
Comparing  to  the  diameter  of  the  particle  of  about  5  nm,  it  is 
reasonable  to  consider  the  nearly  percolating  system  as  a 
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TABLE  I.  Local  field  on  the  FM  component  in  the  nanostructures. 


Local  Field  on  the  FM 

Type  of  magnetic  nanostructures 

Parallel 

Perpendicular 

Condition  for  negative  remanence 

1.  Oriented  FM  needles  in  a  SPM  matrix 

2.  Nearly  percolating  FM  particles 

3.  Oriented  FM  disks  in  a  SPM  matrix 

1  1  1 

d  4^  4^ 

27 tM 
~4ttM 

2  t tM 

4ttM>H,  parallel  to  needles  axis 
47 tM>H,  isotropic 

7 tM>H,  parallel  to  film  planes 

composite  consisting  of  FM  needles  randomly  embedded  in 
a  SPM  matrix.  Due  to  the  shape  magnetic  anisotropy  energy, 
the  magnetization  direction  of  each  FM  needle  is  likely  to  be 
along  its  needle  axis.  Hence,  needles  with  different  orienta¬ 
tions  respond  to  an  applied  magnetic  field  independently. 
Among  the  FM  needles,  there  are  some  that  are  oriented 
along  the  applied  field  with  0  near  0.  They  will  be  aligned 
opposite  to  the  rest  of  the  sample  under  the  applied  field. 
They  remain  so  after  the  applied  field  is  removed  and  con¬ 
sequently  there  is  a  negative  remanence.  Thus,  when 
47r^>l,  there  could  be  a  net  negative  remanence  in  the 
nearly  percolating  granular  ferromagnetic  composites.  In  this 
picture,  when  the  FM  particles  are  well  connected  through¬ 
out  the  system,  the  FM  component  starts  to  response  coher¬ 
ently,  the  negative  remanence  will  disappear  abruptly.  This 
hypothesis  explains  not  only  the  presence  of  the  negative 
remanence  at  200  K  but  not  at  low  temperatures,  but  also  the 
dependence  of  MrIMs  on  the  volume  fraction. 

The  local  field  on  the  FM  component  may  be  calculated 
in  a  few  specific  nanostructures  as  shown  in  Table  I.16  This 
two-component  hypothesis  predicts  that  (1)  the  anisotropi- 
cally  shaped  FM  particles  are  important  for  the  observation 
of  the  negative  remanence,  and  (2)  in  oriented  FM  disks  in 
the  SPM  matrix  where  the  total  magnetization  of  the  SPM  is 
greater  than  that  of  the  FM,  negative  remanence  should  be 
observed  only  for  the  field  applied  parallel  to  the  disk  plane. 
Subsequent  experiments,  which  will  be  published  elsewhere, 
show  that  (1)  the  negative  remanence  in  these  nearly  perco¬ 
lating  films  disappears  upon  annealing  samples  for  both 
x=0A  and  x=0.55,  and  (2)  such  a  negative  remanence  was 
indeed  observed  predominately  for  the  field  applied  parallel 
to  the  film  plane  of  the  SPM/FM  multilayers  which  is  the 
extreme  case  of  oriented  FM  disks. 

There  may  be  a  number  of  possible  applications  of  the 
negative  remanence  or  the  antiparallel  alignment  of  the 
SPM/FM  composite  in  general.  The  presence  of  the  antipar¬ 
allel  alignment  point  out  a  possible  application  of  the  SPM 
particles  as  a  local  magnetostatic  shielding  element  for  the 
FM  storage  units  to  achieve  ultrahigh  density  with  a  con¬ 


trolled  media  noise.  In  such  a  proposed  media  structure,  each 
FM  storage  unit  is  surrounded  by  the  SPM  particles  whose 
magnetization  may  follow  the  dipole  field  of  the  FM  unit. 
The  dipole  field  of  these  surrounding  SPM  particles  in  the 
long  range  is  in  the  opposite  direction  as  that  of  the  FM. 
Hence  the  effective  dipole-dipole  interaction  in  the  long 
range  is  reduced,  resulting  in  a  reduced  media  noise.  The 
feasibility  of  this  new  media  structure  may  depend  on  the 
response  time  of  the  SPM  particles  as  well  as  the  magnetic 
ageing  of  the  SPM-FM  composite.  This  feasibility  is  now 
being  evaluated. 
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Preparation  of  Co-Fe-P  amorphous  fine  needles  with  anodization 
technique  and  measurement  of  demagnetizing  factor 
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The  amorphous  Co-Fe-P  and  crystalline  Co  fine  needles  with  diameter  0.1 -0.2  pm  aspect  ratio 
more  than  100  were  prepared  successfully  by  applying  the  dc  electrodeposition  to  the  anodization 
technique  and  their  demagnetizing  factors  were  measured.  It  was  found  that  the  demagnetizing 
factor  of  film  with  needles  decreases  with  increasing  aspect  ratio  and  tends  to  take  low  constant 
values  around  0.07-0.08.  To  obtain  the  low  demagnetizing  factor  by  using  the  shape  anisotropy  of 
needle,  it  was  estimated  that  the  aspect  ratio  more  than  100  is  needed.  The  equivalent  demagnetizing 
factor  defined  by  a  ratio  of  a  field  needed  to  achieve  saturation  to  the  averaged  flux  density  is 
estimated  around  0.6  for  the  film  with  Co-Fe-P  amorphous  needles  with  0.1  pm  diameter. 
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I.  INTRODUCTION 

Recently,  electromagnetic  micromachines  have  been  de¬ 
veloped  and  are  expected  to  be  applied  in  various  fields.  In 
such  a  small  size  machine,  a  magnetic  field  in  narrow  space 
is  used  to  generate  electromagnetic  force,  so  that  it  is  neces¬ 
sary  to  develop  a  thin  film  that  can  be  magnetized  with  a  low 
field  in  the  direction  normal  to  the  surface.  It  is  expected  that 
such  a  film  having  the  anisotropy  perpendicular  to  the  sur¬ 
face  can  be  prepared  by  the  anodization  technique.  When  an 
aluminum  film  is  anodized  in  acid  solution,  a  thin  aluminum- 
oxide  surface  having  fine  holes  with  their  longitudinal  direc¬ 
tion  normal  to  the  surface  is  obtained.  By  depositing  mag¬ 
netic  materials  into  the  hole,  a  magnetic  film  that  has  fine 
magnetic  needles  with  their  longitudinal  direction  normal  to 
the  film  surface  can  be  prepared.  The  film  thus  made  has  the 
shape  anisotropy  with  the  easy  axis  normal  to  the  film.  So 
far,  the  anodizing  technique  has  been  applied  to  prepare  the 
hard  magnetic  film  for  perpendicular  recording.1  In  the  con¬ 
ventional  anodization  technique,  magnetic  materials  are 
commonly  electrodeposited  by  using  ac  current,  since  A1  ox¬ 
ide  works  as  a  dielectric  material  of  a  capacitor.  However, 
the  length  of  needles  obtained  by  the  ac  deposition  is  limited 
to  less  than  about  2  pm,  because  of  the  decrease  in  dielectric 
constant  with  deposition.  On  the  other  hand,  films  as  thick  as 
a  few  ten  microns  can  be  obtained  by  dc  electrodeposition. 
Therefore,  we  tried  to  apply  dc  electrodeposition  technique 
to  anodized  film  by  making  an  electrical  contact  through  the 
aluminum  oxide  layer.  In  this  study,  we  prepared  amorphous 
Co-Fe-P  and  crystalline  Co  fine  needles  with  high  aspect 
ratio  and  evaluated  the  dependence  of  the  demagnetizing  fac¬ 
tor  on  aspect  ratio  of  needles. 

II.  EXPERIMENT 

An  aluminum  plate  (99.99%  pure,  20X20X0.5  mm)  de¬ 
greased  and  cleaned  in  advance  was  anodized  to  a  depth  of 
30  pm  in  0.3%-(COOH)2  at  a  constant  dc  voltage  of  120  V. 
The  plate  was  anodized  again  in  diluted  H3P04  at  a  constant 
minute  current  to  make  fine  holes  through  A1  oxide  called 
barrier  layer.2  The  expected  cross  section  of  thus  treated  A1 
plate  is  shown  in  Fig.  1.  The  fine  holes  in  the  barrier  layer 


were  confirmed  by  measuring  electrical  resistivity  in  ionic 
solution.  Into  the  holes,  Co-Fe-P  amorphous  alloy  and  crys¬ 
talline  Co  were  electrodeposited  under  the  conditions  with 
current  density  of  10  mA/cm2  and  1  pH  of  solution.  For  the 
obtained  needles  scanning  electron  microscopy  (SEM)  obser¬ 
vation,  electron  probe  microanalysis  (EPMA),  and  x-ray  dif¬ 
fraction  measurement  were  performed.  The  magnetic  proper¬ 
ties  of  the  film  was  measured  by  a  vibrating  sample 
magnetometer  (VSM). 

III.  RESULTS  AND  DISCUSSION 

Figure  2  shows  the  SEM  views  of  (a)  the  top  surface,  (b) 
and  (c)  cross  section  of  the  Co-Fe-P  needles  electrodepos¬ 
ited  in  fine  holes  of  anodized  film.  In  anodizing  technique, 
diameter  and  spacing  of  holes  are  a  function  of  anodizing 
current  and  voltage,  respectively.  We  chose  the  current  and 
voltage  higher  compared  to  those  used  in  conventional  depo¬ 
sition  to  fabricate  fine  needles  with  large  spacing,  so  as  to 
give  a  large  shape  anisotropy.  As  seen  in  Fig.  2(a),  the  ob¬ 
tained  fine  needles  have  fairly  good  circular  cross  sections. 
Their  averaged  diameter  and  spacing  are  about  0.1  and  0.3 
pm,  respectively.  In  the  cross  section  shown  in  Fig.  2(b),  we 
can  see  that  needles  grown  straight  from  the  bottom  of  the  A1 
substrate  over  12  pm  in  length.  The  obtained  needles  have 
aspect  ratio  of  about  120,  which  is  about  six  times  as  large  as 
that  of  needles  fabricated  by  the  ac  anodization  technique  so 
far.  The  obtained  needles  have  fairly  uniform  diameter  as 


FIG.  1.  Schematic  diagram  showing  how  super  fine  holes  were  made,  (a) 
Before  and  (b)  after  making  holes. 
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FIG.  2.  SEM  observation  of  magnetic  needles  deposited  into  holes  of  anod¬ 
ized  films  (a)  for  top  surface  and  (b),  (c)  for  cross  section. 

seen  in  enlarged  cross  section  in  Fig.  2(c).  This  was  achieved 
by  adjusting  the  ionic  concentration  of  the  solution  to  keep 
the  resistivity  nearly  constant. 

Figure  3  shows  a  result  of  EPMA  analysis  taken  along  a 
needle.  The  distribution  of  P  is  fairly  uniform.  The  EPMA 
data  give  a  composition  of  the  needle  as  Co74Fe5P2i  ■  Thus, 
by  applying  dc  deposition  technique  to  anodizing  film,  it 
becomes  possible  to  deposit  P  in  fine  holes.  We  tried  espe¬ 
cially  to  alloy  P  around  20%  to  obtain  amorphous  phase. 
This  was  achieved  by  keeping  pH  of  solution  around  1  pH. 
The  x-ray  diffraction  shown  in  Fig.  4  indicates  the  obtained 
needles  are  amorphous,  since  there  is  no  sharp  peak  based  on 
crystalline  except  those  of  A1  substrate.  The  magnetostriction 
of  amorphous  magnetic  material  is  determined  by  the  con¬ 
centration  ratio  of  Co  to  Fe.3  Though  the  averaged  composi¬ 
tion  is  close  to  that  with  zero  magnetostriction,  the  bottom  of 
needles  having  higher  Fe  concentration  would  have  positive 
magnetostriction  around  3X10-6. 

Fine  needles  with  a  few  microns  spacing  interact  with 
each  other  through  stray  field,  so  the  demagnetizing  field  of 
the  anodized  film  would  differ  from  that  of  a  single  needle.  It 
is  considered  that  magnetic  interaction  of  fine  needles  de¬ 
pends  on  needle  diameter  so  we  prepare  the  needle  changing 
diameter  and  evaluated  the  demagnetizing  factor  as  a  func¬ 
tion  of  needle  aspect  ratio.  For  the  evaluation  of  demagne- 


FIG.  4.  X-ray  diffraction  diagrams  of  Co74Fe5P2i  amorphous  anodized  mag¬ 
netic  film,  obtained  by  a  conventional  Cu Ka  diffractometer. 

tizing  factor,  we  used  Co  fine  needles  prepared  by  the  dc 
anodization  technique,  since  the  saturation  magnetization  of 
Co  is  strictly  known  and  we  do  not  need  to  care  about  com¬ 
positional  variation.  Figure  5  shows  the  magnetization  curve 
for  polycrystalline  Co  needles  measured  in  normal  and  par¬ 
allel  to  the  film  plane.  The  Co  needle  has  diameter  of  0.1  pm 
and  length  of  12  pm.  The  film  with  needles  can  be  saturated 
in  the  direction  normal  to  the  film  with  a  field  lower  than  that 
need  to  saturate  in  the  parallel  direction.  To  evaluate  the 
demagnetizing  field,  a  straight  line  was  drawn  parallel  to  the 
magnetization  curve  as  shown  in  Fig.  5.  From  the  extrapola¬ 
tion  of  that  line  to  a  saturation  magnetization,  we  obtained 
the  demagnetization  field  approximately.  Using  the  measured 
demagnetization  field  and  the  saturation  magnetization  of  Co 
of  17.9  kG  (4ttMs),  we  determined  the  demagnetizing  factor. 

Figure  6  shows  the  demagnetizing  factor  of  the  films 
with  Co  needles  as  a  function  of  aspect  ratio  with  needle 
diameter  as  a  parameter.  The  diameters  of  Co  needles  are  0.1 
and  0.2  pm,  respectively,  and  their  spacing  is  0.3  pm.  The 
demagnetizing  factor  of  an  anodized  film  having  0.1  pm 
needles  calculated  by  Masuda  et  al  is  also  shown.4  The  de¬ 
magnetizing  factor  decreases  with  aspect  ratio  and  tends  to 
take  a  constant  value  beyond  aspect  ratio  of  100.  The  con¬ 
stant  values  of  the  demagnetizing  factor  for  needles  with  0.1 
and  0.2  pm  needles  are  0.07  and  0.08,  respectively.  The 
demagnetizing  field  that  was  produced  with  whole  magnetic 
poles  over  the  surface  is  not  uniform  along  the  length  of  a 
needle;  it  is  high  near  the  surface  and  decreases  at  the  middle 
region  of  the  needle.  When  the  aspect  ratio  of  a  needle  in¬ 
creases,  it  is  inferred  that  the  demagnetizing  field  of  the 
middle  region  decreases  while  the  demagnetizing  field  near 
the  surface  that  has  magnetic  poles  remains  high.  It  seems 
that  nearly  constant  demagnetizing  factor  for  the  aspect  ratio 
beyond  100  is  attributable  to  the  high  demagnetizing  effect 
near  the  surface.  The  calculated  demagnetizing  factor  is  the 
value  obtained  by  averaging  the  nonuniform  demagnetizing 


FIG.  3.  EPMA  line  analysis  for  cross  section  of  Co-Fe-P  amorphous  an-  FIG.  5.  Magnetization  curves  for  Co  anodized  magnetic  film,  when  magne- 
odized  magnetic  film.  tization  in  the  direction  normal  (±)  and  parallel  (II)  to  the  film  surface. 
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FIG.  6.  Dependence  of  the  demagnetizing  factor  on  aspect  ratio  of  Co  fine 
needles  (a)  for  0.1  /rm,  (b)  for  0.2  /am,  and  (c)  for  calculated  result. 


field.  As  shown  in  Fig.  5,  we  evaluated  the  demagnetizing 
field  from  the  magnetization  curves  by  drawing  a  straight 
line.  The  obtained  value  corresponds  to  the  demagnetizing 
field  of  the  middle  region  of  needles  that  is  magnetized  eas¬ 
ily.  This  may  give  the  big  difference  between  the  experimen¬ 
tal  and  the  calculated  demagnetizing  factors.  Thus,  the  de¬ 
magnetizing  factor  takes  constant  value  with  increasing 
aspect  ratio.  It  is  considered  that  the  aspect  ratio  around  100 
is  enough  to  decrease  the  demagnetizing  factor  of  the  film 
using  the  shape  anisotropy  of  needles. 

Figure  7  shows  the  magnetization  curve  of  the  film  with 
Co74Fe5P2i  amorphous  needles  whose  cross  section  is  shown 
in  Fig.  2.  The  diameter  and  aspect  ratio  of  the  needle  are 
0.1 /ttm  and  120,  respectively.  The  amorphous  needles  have 
the  coercive  force  of  170  Oe,  lower  than  that  of  the  Co 
needles  shown  in  Fig.  5.  The  needles  packed  in  the  fine  holes 
may  be  highly  stressed  by  the  A1  oxide.  The  relatively  larger 
coercive  force  compared  to  other  amorphous  materials  would 
be  attributable  to  the  residual  stress.  The  demagnetizing  fac¬ 
tor  of  this  film  is  around  0.068,  almost  the  same  as  that  of  Co 
needles  because  of  the  same  diameter  and  the  aspect  ratio. 
The  film  prepared  by  the  anodization  method  partially  con¬ 
sists  of  non  magnetic  material,  so  that  the  flux  density  aver¬ 
aged  over  the  surface  decreases  markedly.  The  portion  of 
magnetic  materials  of  the  present  film  is  12%,  which  gives 
averaged  flux  density  of  1.44  kG.  An  external  field  of  sum  of 
the  demagnetizing  field  of  700  Oe  and  the  coercive  force  of 


FIG.  7.  Magnetization  curves  for  Co74Fe5P2l  amorphous  anodized  magnetic 
film,  when  magnetization  in  the  direction  normal  (_L)  and  parallel  (II)  to  the 
film  surface. 

170  Oe  are  needed  to  obtain  the  flux  density  of  1.44  kG,  so 
that  the  equivalent  demagnetizing  factor  is  estimated  to  be 
about  0.6.  This  value  is  expected  to  decrease  down  to  0.15  by 
the  amorphous  needle  with  0.2  /rm  diameter  using  the  de¬ 
magnetizing  factor  shown  in  Fig.  6. 

IV.  CONCLUSION 

The  amorphous  Co-Fe-P  and  crystalline  Co  fine 
needles  with  aspect  ratio  more  than  100  were  prepared  suc¬ 
cessfully  by  applying  the  dc  electrodeposition  to  the  anod¬ 
ization  technique  and  their  demagnetizing  factors  were  mea¬ 
sured.  The  results  are  summarized  as  follows:  (1)  The 
demagnetizing  factor  of  film  with  fine  needles  decreases  with 
increasing  aspect  ratio  and  tends  to  take  low  constant  value 
around  0.07-0.08.  (2)  To  obtain  the  low  demagnetizing  fac¬ 
tor,  the  aspect  ratio  more  than  100  is  needed.  (3)  The  equiva¬ 
lent  demagnetizing  factor  defined  by  a  ratio  of  field  needed 
to  achieve  saturation  to  the  averaged  flux  density  is  estimated 
around  0.6  for  the  film  with  Co-Fe-P  amorphous  needles 
with  0.1  /ini  diameter. 
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We  have  performed  Monte  Carlo  simulations  on  2D  circular  Ising  clusters,  studying  the  distribution 
of  the  magnetization  within  the  cluster  as  well  as  the  magnetization  reversal  process  when  an 
applied  external  field  is  suddenly  changed.  We  have  shown  that  for  highly  anisotropic  systems  (the 
Ising-like  limit),  the  magnetization  reversal  process  is  not  uniform  in  a  wide  range  of  temperatures. 
Spins  having  a  lower  coordination  at  cluster  edges  drive  the  reversal  process,  acting  as  nucleation 
centers.  We  have  found  that  there  is  a  connection  between  the  roughness  transition  temperature  and 
the  differences  in  the  time  evolution  patterns  of  the  magnetization.  Our  simulations  agree  with 
experimental  results  on  magnetization  reversal  of  single  domain  particles.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)02708-2] 


The  study  of  the  reversal  magnetization  of  small  par¬ 
ticles  has  received  much  attention  recently  due  to  its  broad 
range  of  technological  applications.1  Although  the  theory  for 
the  magnetization  reversal  was  initially  proposed  by  Neel,2 
based  on  the  Stonner-Wohlfarth  uniform  rotation  model,3 
recent  experimental  results4,5  seem  to  contradict  the  basic 
assumptions  of  that  model. 

In  the  present  work  we  have  performed  Monte  Carlo 
(MC)  calculations6  in  order  to  understand  and  characterize 
the  behavior  of  the  magnetization  during  the  reversal  pro¬ 
cess.  We  have  simulated  a  small  ferromagnetic  particle  by  a 
two-dimensional  (2D)  circular  cluster  of  radius  R.  Since  MC 
simulations  have  been  shown  to  be  a  useful  method  for  de¬ 
scribing  experimental  Ising-like  systems,6  we  have  consid¬ 
ered  that  interactions  among  cluster  spins  are  described  via 
the  Hamiltonian 

SiSj-H'Ss  Si,  (1) 

(ij) 

where  St  represents  the  spin  at  the  site  /,  the  sum  (ij)  is 
over  all  nearest  neighbor  pairs  in  the  cluster,  J  is  the  ex¬ 
change  constant,  and  H  is  the  applied  magnetic  field.  In  the 
present  study  a  2D  square  lattice  has  been  considered. 

The  simulations  were  carried  out  following  a  method 
very  similar  to  that  used  for  analyzing  the  relaxation  pro¬ 
cesses  of  metastable  states  in  2D  infinite  Ising  systems.7,8  For 
a  system  with  radius  R  and  temperature  T  we  follow  these 
steps:  (i)  Starting  from  a  completely  ordered  configuration 
the  cluster  reaches  thermal  stabilization  (using  2000-15  000 
MC  steps)  in  presence  of  an  external  magnetic  field  H  point¬ 
ing  out  along  the  positive  z  direction;  (ii)  H  is  reversed  (this 
is  the  zero  of  our  time  scale)  and  the  cluster  spins  evolve 
towards  a  new  equilibrium  situation  (which  in  general  im¬ 
plies  the  magnetization  reversal);  (iii)  steps  (i)  and  (ii)  are 
repeated  n  times  (in  our  case  400<rc<800)  in  order  to 
achieve  good  statistics;  (iv)  the  time  evolution  of  a  given 
quantity  is  calculated  by  averaging  it  over  these  n  indepen¬ 
dent  runs.  In  particular  we  are  interested  in  determining  the 
evolution  of  the  total  magnetization  ( mz(t ))  as  well  as  its 


behavior  at  different  cluster  regions.  The  number  of  MC 
steps  (MCS)  needed  for  reaching  the  new  thermal  equilib¬ 
rium  strongly  depends  on  temperature,  and  in  some  cases 
(large  radius  and  low  temperatures)  the  whole  reversal  pro¬ 
cess  needed  above  60  000  MCS. 

We  have  performed  magnetization  reversal  computer  ex¬ 
periments  for  clusters  with  3^/?^60  taking  into  account  a 
wide  range  of  temperatures  (1.2^A:B77/^2.3)  for  two  mag¬ 
netic  fields  H= 0.05  J  and  0.1  J.  In  Fig.  1  we  show  a  typical 
time  evolution  curve  ( mz(t ))  for  a  cluster  with  R  =  25  at 
kBT/J  =1.9,  noticing  that  the  evolution  of  the  outermost 
crowns  is  different  in  magnitude  to  that  of  the  inner  ones, 
giving  rise  to  a  nonhomogeneous  magnetization  reversal  pro¬ 
cess.  It  can  be  seen  that  when  the  magnetization  of  the  out¬ 
ermost  crown  is  zero,  the  inner  crowns  have  not  started  the 
reversal  process.  This  edge  effect  is  characteristic  of  our 
cluster  configuration,  and  cannot  be  found  in  2D  infinite  sys¬ 
tems. 

In  order  to  characterize  the  magnetization  evolution  we 
have  studied  the  lifetime  tr ,  the  time  at  which  (mz(tr))=  0. 
In  Fig.  2  we  show  the  dependence  of  tr  with  the  temperature 
T  for  different  radii  and  for  an  external  field  H=0.1  J.  It  can 
be  seen  that  in  the  range  of  temperatures  we  have  considered, 
there  is  a  well-defined  exponential  relation  between  tr  and 
the  temperature 

trocQxp(EafkBT ),  (2) 
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FIG.  1.  Time  evolution  of  the  magnetization  per  spin  at  several  distances  r 
from  the  cluster  center  (r =5, 13, 17,23,24,25)  of  a  cluster  with  R- 25  at 
kBT!J~\.9.  The  initial  field  is  H= 0.1  J.  Thick  line  represents  the  total 
magnetization. 
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FIG.  2.  Reversal  lifetime  tr  as  a  function  of  the  temperature  for  several 
cluster  radii  [R=3  (full  dots),  5  (open  dots),  10  (full  squares),  15  (open 
squares),  20  (black  triangles),  30  (open  triangles),  40  (full  diamonds),  50 
(open  diamonds),  60  (crosses)].  The  applied  field  is  H— 0.1  J. 


where  Ea  is  the  activation  energy.  This  indicates  that  we  are 
considering  the  region  where  the  reversal  process  is  thermi- 
cally  activated.2  In  Fig.  3  we  have  represented  the  depen¬ 
dence  of  the  activation  energy  on  the  cluster  size.  For  small 
radii,  there  is  a  fast  increase  of  the  activation  energy,  but  for 
jR>10  the  activation  energy  is  almost  independent  of  the 
cluster  size.  This  behavior  is  different  from  that  expected  for 
systems  described  with  the  Stonner-Wohlfarth3  model, 
where  the  activation  energy  is  proportional  to  the  cluster 
size.  This  anomalous  dependence  can  be  interpreted  in  terms 
of  a  more  complex  evolution  than  that  of  the  uniform  rota¬ 
tion,  such  as  it  has  been  shown  in  Fig.  1. 

A  second  characterization  of  the  reversal  process  has 
been  done  by  fitting  the  average  magnetization  ( mz(t ))  to 
the  logarithmic  law 

(mz(t))^A  —  S  log(f)>  (3) 

where  A  is  a  constant  and  S  is  the  so-called  magnetic  vis¬ 
cosity  that  depends  on  the  magnetic  field,  the  temperature, 
and  the  cluster  size.  This  logarithmic  behavior  is  usually  as¬ 
sociated  with  a  broad  distribution  of  energy  barriers.9  Notice 
that  Eq.  (3)  is  used  to  represent  the  evolution  of  ( mz(t )) 
around  t=tr,  so  that  the  viscosity  S  reflects  the  slope  of  the 
magnetization  near  the  transition  between  positive  and  nega¬ 
tive  direction. 

In  Fig.  4  we  have  represented  the  values  of  S  as  a  func¬ 
tion  of  the  temperature  for  several  cluster  sizes,  and  for  a 
fixed  field  H= 0.1  J.  The  first  remarkable  fact  is  that  S  pre¬ 
sents  a  well-defined  maximum  for  clusters  with  R> 8, 
whereas  for  smaller  radii  S  does  not  present  any  structure. 


FIG.  3.  Activation  energy  Ea  as  a  function  of  the  cluster  radius.  The  applied 
field  is  H=0.l  J. 


FIG.  4.  Magnetic  viscosity  S  as  function  of  the  temperature  for  several 
cluster  radii.  Symbols  correspond  to  those  of  Fig.  2. 


We  have  found  that  the  temperature  kBTlJ~\.15  represents 
a  critical  point  separating  two  regions  having  different  rever¬ 
sal  mechanisms.  Below  this  temperature  the  magnetization 
reversal  is  originated  by  the  motion  of  a  domain  wall  from  a 
point  of  the  cluster  edge  to  another  opposite  point.  Above  the 
critical  temperature  the  reversal  is  very  noisy  with  a  continu¬ 
ous  nucleation  in  all  the  cluster  regions,  similar  to  that  hap¬ 
pening  in  infinite  systems.7,8  However,  in  both  cases,  spins  at 
the  cluster  edge  play  a  fundamental  role,  since  the  reversal 
process  starts  mainly  at  these  points.  These  sites  are  nucle¬ 
ation  points  since  they  have  lower  magnetization  and  stron¬ 
ger  fluctuations  in  comparison  with  the  bulk  sites.10,11  These 
two  different  behaviors  have  been  noticed  in  very  thin  layers 
with  strong  anisotropy  with  defects  and  domains  mis¬ 
matching.12  The  critical  temperature  kBT/J^U5  limiting 
these  two  regions  with  different  time-reversal  features  is  very 
close  to  the  roughening  transition  temperature  of  a  2D  Ising 
system  with  a  free  edge  having  a  smaller  exchange  constant 
7. 13  In  our  model  the  exchange  constant  does  not  change 
anywhere,  however  the  effective  number  of  nearest  neighbor 
particles  at  the  cluster  perimeter  does  suffer  a  considerable 
decrease  with  the  subsequent  decrease  of  the  effective  inter¬ 
action.  Therefore,  we  have  found  that  in  a  wide  range  of 
temperatures  the  cluster  edge  acts  as  a  nucleation  center,  due 
to  the  lower  magnetization  and  large  fluctuations  at  the  edge 
particles. 

Since  the  previous  simulations  can  be  interpreted  as  the 
time  evolution  of  highly  anisotropic  systems,  we  have  stud¬ 
ied  whether  these  2D  clusters  satisfy  the  Neel  law2  which  has 
recently  been  questioned  by  experimental  results  on  elon¬ 
gated  clusters  with  large  anisotropy.4,5  We  have  calculated 
the  probability  of  not  switching  Pns(t ),  as  defined  in  Ref.  4, 
i.e.,  the  probability  of  finding  at  time  t  the  magnetic  moment 
in  the  direction  of  the  initially  applied  magnetic  field,  after  a 
magnetic  field  inversion  at  t— 0.  Figures  5(a)  and  5(b)  show 
the  curves  Pns(f)  for  two  radii  (P=5  and  R-  60)  and  several 
temperatures,  noticing  that  the  exponential  behavior  (Neel 
law2)  does  not  correctly  describe  the  cluster  reversal  process 
for  clusters  with  fl>10,  in  agreement  with  experiments  in¬ 
volving  large  clusters.4  In  particular,  we  should  remark  that 
the  change  of  the  probability  is  very  steep,  taking  place  in  a 
relatively  short  time. 

In  conclusion,  our  simulations  show  that  the  magnetiza¬ 
tion  reversal  is  not  homogeneous  for  the  wide  range  of  tem¬ 
peratures  we  have  considered,  in  good  agreement  with  recent 
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FIG.  5.  Probability  of  not  switching  Pns(f)  vs  time,  for  two  clusters  with  (a) 
R~ 5  and  (b)  R= 60,  at  several  temperatures.  Only  maximum  and  minimum 
kBT/J  values  are  shown.  The  temperature  change  between  two  subsequent 
curves  is  AkBT/J~0.\.  Dashed  lines  correspond  to  the  best  fit  of  the  curve 
with  kBT!J- 2.0  to  the  Neel  law. 


experiments  on  elongated  single-domain  particles.4,5  Thus 
we  can  say  that  the  collective  motion  of  spins  does  not  fol¬ 
low  a  simple  path  in  the  configuration  space.  This  fact  is 
reflected  by  the  anomalous  behavior  of  both  the  activation 


energy  and  the  notswitching  probability.  We  think  that  within 
this  perspective,  the  theory  and  the  interpretation  of  experi¬ 
ments  that  claim  to  have  observed  macroscopic  quantum  tun¬ 
neling  (MQT)  of  the  magnetization  for  small  particles,14,15 
on  the  basis  of  the  coherent  rotation  model,  may  need  further 
consideration,  incorporating  to  the  theoretical  models  the 
nonhomogeneous  distribution  of  magnetization. 

This  work  has  been  partially  supported  by  the  UE 
through  a  BRITE  Project. 
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Hong  Kong 

Alternating  current  (ac)  magnetic  susceptibility  was  measured  as  a  function  of  frequencies  (1  Hz-1 
kHz)  and  temperatures  (5-300  K)  in  nominal  Ni-Si02  granular  films  for  zero  field  cooled  samples. 

When  temperature  is  well  below  and  well  above  the  blocking  temperature  Tb ,  the  real  part  of  the 
susceptibility,  x'  *  remains  independent  of  frequency,  while  the  imaginary  part  of  the  susceptibility, 
is  essentially  zero  within  the  experimental  error.  Near  Tb ,  however,  both  x’  an^  V*  were  found 
to  be  greatly  enhanced,  and  decreases  with  increasing  frequency  following  log(/  )  dependence. 

A  scaling  method  was  applied  for  x’ifJ)  to  determine  the  distribution  of  energy  barriers  and  that 
of  particle  size.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)40908-6] 


I.  INTRODUCTION 

The  peculiar  magnetic  properties  of  granular  materials 
attracted  much  attention  in  the  last  few  decades.1”3  The  re¬ 
laxation  time  r  of  the  total  magnetic  moments  for  a  collec¬ 
tive  single-domain  ferromagnetic  particle  system  was  deter¬ 
mined  by  the  ratio  of  anisotropy  energy  barrier  Ea  and 
thermal  energy  kBT ,  where  Ea  is  linearly  proportional  to  the 
volume  of  the  magnetic  particle,  if  the  surface  anisotropy  can 
be  neglected.  Many  dc  magnetic  properties  such  as  saturation 
magnetization,  remanence,  and  susceptibility  of  granular  sys¬ 
tem  have  been  well  investigated.2,3  Recently,  it  was  found 
that  there  is  a  negative  remanence  in  the  nearly  percolating 
system,4  and  a  giant  Hall  effect  enhancement  when  metallic 
particles  are  about  to  percolate.5  However,  a  comprehensive 
understanding  of  dynamic  magnetic  properties  is  still  not 
well  established,  though  some  pioneer  works  have  been  done 
in  the  related  system.6,7  In  the  present  article,  we  investigate 
the  dynamic  susceptibility  of  NiJC-(Si02)i~^  granular  films 
with  different  magnetic  volume  fraction  x’s.  A  scaling 
method  was  applied  to  determine  the  relaxation  energy  bar¬ 
rier  distributions  of  samples  with  different  x’s. 

Using  the  classical  probability  of  jumping  over  an  an¬ 
isotropy  energy  barrier,  Neel8  came  up  with  a  simple  model 
where  the  relaxation  time  of  magnetic  moment  of  an  indi¬ 
vidual  granular  particle  is  determined  by  r=r0  exp (Ea/kBT), 
Ea  =  KV ,  where  Ea,  K ,  and  V  are  particle’s  anisotropy  en¬ 
ergy  barrier,  anisotropy  constant,  and  volume,  respectively, 
kB  is  the  Boltzmann’s  constant,  and  T  is  the  absolute  tem¬ 
perature.  The  pre-exponential  factor  r0  is  a  constant,  which  is 
related  to  the  gyromagnetic  procession  and  may  be  estimated 
to  be  on  the  order  of  10~ 10  s.8  The  temperature  at  which  the 
magnetic  moment  relaxation  time  r  with  mean  volume  size 
of  a  particle  ensemble  is  equal  to  the  measurement  time  rm  is 
often  called  the  blocking  temperature  Th .  Following  Neel’s 
theory,  at  high  temperature,  the  magnetic  moment  relaxation 
time  r  of  the  system  can  be  so  small  that  several  flips  may 
occur  during  the  measurement  time  rm.  Therefore,  when 
T>  Tb ,  the  magnetization  of  such  an  ensemble  of  particles 
will  be  zero  in  zero  applied  field,  and  will  behave  “super- 
paramagnetically,”  the  same  as  an  ensemble  of  paramagnetic 
atoms. 

Assuming  that  the  magnetic  moment  of  each  particle  is 
fx  for  an  ensemble  of  N  particles,  a  time-dependent  magne¬ 


tization  will  have  the  following  form:  M(t) 
=  v{t)Nfx  tan  h{-[l-exp(-t/f)]/kBT}>  where,  i ft)  is  a  unit 
step  function.  Through  Fourier  transformation  of  the  above 
equation,  one  can  obtain  ac  susceptibility: 
X(f)=x'(f)  +  ix"(J)=X0O  +  i2'*fT),  where  /=/a2VY 
3k bT  is  the  dc  susceptibility  of  the  system.  Considering  that 
the  energy  barrier  has  a  finite  distribution  n(E),  the  real  part 
of  ac  susceptibility  can  be  written  as 


xVJY- 


H2v 
3 T7r 
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Jo 


dEn(E) 


(Hr)2 


(l/r)2  +  (2ir/  y 


Notice  that  the  temperature  differential  of  the  bracket  part  of 
the  above  equation  is  a  sharply  peaked  function  of  E  about 
the  energy  E  =  kBT  ln(l/27r/r0),  with  width  SE  =  kBT ,  and 
can  be  approximated  by  a  constant  Dirac  delta  function. 
Thus,  if  x'(f  )  versus  temperature  at  different /’s  are  mea¬ 
sured,  the  relaxation  energy  barrier  distribution  n(E)  as  a 
function  of  scaling  parameter  E=kBT  ln(l/27r/r0)  can  be 
obtained  by  numerical  temperature  differential  of  Tx'if  )-7 
This  method  is  called  scaling  method,  and  was  considered  to 
be  one  of  the  best  methods  to  determine  the  energy  barrier 
distribution,  because  (a)  the  measurement  time  rm  is  well 
defined,  (b)  the  applied  field  is  very  weak,  so  that  the  modi¬ 
fication  of  the  anisotropy  energy  of  individual  granular  par¬ 
ticle  and  the  perturbation  to  the  system  may  be  neglected,  to 
the  first  approximation.  The  latter  has  a  clear  advantage  com¬ 
pared  to  the  analysis  based  on  the  remanence  studies  which 
perturb  the  system.9 


II.  EXPERIMENTS  AND  RESULTS 

Nominal  granular  Ni^SiO^i  films  were  fabricated  us¬ 
ing  a  Denton  magnetron  rf  sputtering  system,  where  nickel 
and  Si02  targets  were  mounted  on  two  separate  sputtering 
guns  and  the  rotating  silicon  substrate  was  maintained  at 
150  °C.  Films  approximately  1  fi m  thick  with  nominal  nickel 
volume  fraction  x =0.3,  0.4,  and  0.5  were  deposited  after 
presputtering  for  30  min.  A  detailed  description  of  sample 
characterization  can  be  found  in  Ref.  9.  ac  susceptibility 
x(f  )  measurements  (3  Oe  zero-to-peak)  as  functions  of  fre¬ 
quency /(l,  2,  4,  10,  20,  40,  100,  200,  400,  and  1000  Hz)  and 
temperature  T(5-300  K)  after  cooling  samples  (z=0.3,  0.4, 
and  0.5)  in  the  zero  field  were  performed  using  a  Quantum 
Design  MPMS-5  SQUID  magnetometer.  This  instrument  al- 
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TABLE  I.  Some  parameters  for  nominal  Nijr(Si02)1_A:.  x  is  nominal  nickel  volume  fraction.  E0  is  the  mean 
value  of  energy  barrier,  cr  is  standard  deviation  of  energy  barrier  distribution,  Dm  is  the  mean  particle  diameter 
calculated  from  energy  barrier,  £>tem  *s  measured  particle  diameter  from  TEM. 


X 

Th  (K) 

V  (K) 

T0  (s) 

(J 

£0  (eV) 

Dm  (nm) 

^7  TEM  (nm) 

0.3 

27±3 

26±1 

0.360XKT11 

1.34±0.05 

0.054±0.003 

4.5±0.2 

3.5±0.7 

0.4 

40±3 

40±1 

0.103X10-10 

1.48  ±0.06 

0.083  ±0.004 

5.1±0.2 

5.4±1.1 

0.5 

80±3 

82±2 

0.244X10-8 

1.68  ±0.06 

0.170±0.005 

6.2±0.3 

6.1  ±  1.2 

lows  the  simultaneous  measurement  of  in-phase  x'(f )  a°d 
out-of-phase  *"(/  )  components  with  a  noise  level  below 
10”7  emu.  Also  field  cooled  (FC)  and  zero  field  cooled 
(ZFC)  dc  susceptibility  were  measured  to  determine  dc 
blocking  temperature  Tb  for  different  samples  using  the  same 
magnetometer  and  the  results  were  listed  in  Table  I. 

Figure  1  summarizes  the  real  part  of  ac  susceptibility  as 
a  function  of  temperature  for  sample  with  x=0.3  at  four 
representative  frequencies.  In  the  insert,  the  real  and  imagi¬ 
nary  part  of  ac  susceptibility,  x'(f  )  and  )IX f  ),  were  plotted 
together  at  10  Hz.  The  data  show  that  both  xXf  )  and  ) 
were  greatly  enhanced  near  the  blocking  temperature  and  as 
the  frequency  increases,  the  peak  of  x(f )  was  decreased 
and  was  shifted  to  higher  temperature.  According  to  Neel’s 
theory,  at  Tb  ,  the  relaxation  time  rof  isolated  particles  with 
mean  particle  size  Vm  is  equal  to  rm  taken  to  be  the  half 
period  of  the  applied  field,  namely,  rm=r0  exp(kVlkBTb). 
Thus,  from  the  shift  of  Tb  with  increasing  measurement  fre¬ 
quency,  the  pre-exponential  factor  r0  was  determined  as 
shown  in  Table  I.  Since  the  fitting  value  of  r0  is  not  too 
different  from  10” 10  s  for  all  samples,  it  may  be  considered 
physically  reasonable.7  And  the  slight  increase  of  r0  as  in¬ 
creasing  x  indicates  that  although  the  interaction  of  granular 
particle  became  more  and  more  important  as  increasing  x, 
the  sample  is  still  in  the  range  in  which  Neel’s  theory  is 
applicable.  In  Fig.  2,  the  relation  between  x'  and  log(/  )  was 
plotted  at  three  typical  temperatures,  namely,  well  below, 
well  above,  and  near  the  blocking  temperature  Tb  for  the 
sample  with  x-0.3.  It  is  clear  that  (i)  when  temperature  is 
well  above  and  well  below  Tb ,  x'  is  essentially  frequency 


FIG.  1.  x'  vs  temperature  for  different  frequencies  for  sample  with  x=0.3. 
Inset:  x’  and  Y'  vs  temperature  for  the  same  sample  with  10  Hz  frequency. 


independent;  (ii)  when  T  is  near  Tb ,  x'  decreases  with  in¬ 
creasing  frequency  following  log (/  )  dependence.  The  rea¬ 
son  for  (i)  is  that  when  temperature  is  well  below  Tb\  the 
magnetic  moment  relaxation  time  r  of  the  most  particles  in 
the  sample  were  much  larger  than  the  measurement  time  jm 
which  is  determined  by  applied  ac  frequency.  Thus  the  dif¬ 
ferences  among  x  at  different  frequencies  were  so  small  that 
a  constant  xXf )  was  observed.  When  temperature  is  well 
above  Tb ,  r  is  much  smaller  than  rm ,  there  are  no  differ¬ 
ences  among  x  at  different  measurement  frequencies.  How¬ 
ever,  near  Tb ,  because  rm  is  in  the  same  order  with  r  for 
most  particles,  x'  was  found  to  be  much  more  sensitive  to 
frequency.  When  frequency  is  higher,  less  particles  can  fol¬ 
low  the  ac  field,  hence  x '  is  smaller.  Physically,  lo g(/  )  de¬ 
pendence  must  be  related  to  particle’s  energy  barrier  distri¬ 
bution  form,  because  the  broader  the  distribution,  the  less 
particles  failed  to  follow  the  higher  frequency  field,  leading 
to  a  smaller  slope  in  the  log(/  )  dependence.  The  inset  of 
Fig.  2  shows  x’lXo  vs  log(/  )  near  the  corresponding  Tb  for 
different  x’s.  Note  that  the  smaller  the  x,  the  larger  the  de¬ 
creasing  rate.  Therefore,  a  sample  with  x^O.5  has  the  broad¬ 
est  energy  distribution,  a  sample  with  x=0.4  has  less,  and 
x=0.3,  the  least.  The  numerical  calculation6  also  indicates 
that  for  a  broad  lognormal  distribution  in  a  superparamag- 
netic  system,  the  low  frequency  susceptibility  can  display 
linear  log (/  )  behavior,  and  the  broader  the  distribution,  the 
smaller  the  slope  of  the  log(/ )  dependence,  which  is  in 
agreement  with  our  experimental  results. 


FIG.  2.  x'  vs  1  °g(/  )  for  sample  with  jc=0.3,  for  three  different  tempera¬ 
tures.  Inset:  Y^X0  vs  log (/ )  at  corresponding  blocking  temperature  for 
samples  with  different  x’s. 
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E=KBTln(1/(27cfx0))  (eV) 

FIG.  3.  Master  curve  of  the  energy  barrier  distribution  as  function  of  a 
scaling  parameter  E^kBT  In(l/2ir/r0)  which  is  obtained  by  the  scaling 
method  for  sample  with  *=0.3. 


The  trend  of  increasing  particles  size  distribution  when 
increasing  x  can  also  be  obtained  via  the  scaling  method  by 
numerical  temperature  derivative  of  Tx'(f,T)  for  different 
fs.  Figure  3  shows  the  master  curve  of  n(E)  which  de¬ 
scribes  the  energy  barrier  distribution  as  a  function  of  scaling 
parameter  E= kBT  ln(l/2 7rfr0)  for  magnetic  volume  fraction 
x=0.3  and  the  curve  was  fitted  to  a  lognormal  distribution: 

1  \  I  [ln(£)  — ln(£0)]2\ 

\I2ttE  In  or./ 6XP\  2(ln  a)2  j' 

The  fitting  parameters  of  mean  energy  barrier  E0  and  the 
standard  deviation  or  were  listed  in  Table  I.  Assuming  that  the 
energy  barrier  is  entirely  due  to  the  volume  of  the  particles, 
the  same  statement  on  the  energy  barrier  can  be  said  to  the 
particle  size.  Taking  100  s  as  dc  measuring  time,  dc  blocking 


temperature  and  the  mean  energy  barrier  E0  should  be  related 
according  to  Trb  —  E0l25kB .  One  way  to  check  the  validity  of 
this  method  of  determining  the  distribution  is  to  compare  the 
calculated  dc  blocking  temperature  Tfb  with  that  determined 
by  dc  susceptibility  measurement  experiments,  Tb ,  as  shown 
in  Table  L  Note  that  the  calculated  Tb  is  consistent  with 
experimental  Tb  surprisingly  well.  Moreover,  the  trend  of 
increasing  <x  as  x  increases  is  also  consistent  with  the  in¬ 
creasing  slope  in  x  vs  log(/  )  near  Tb  .  Also,  the  calculated 
mean  particle  diameter  is  similar  to  that  obtained  via  TEM,9 
as  can  be  seen  in  Table  I. 

III.  CONCLUSION 

ac  magnetic  susceptibility  measurement  have  been  per¬ 
formed  on  Nix(Si02)\-x  granular  thin  films  with  different 
magnetic  volume  fraction  x.  Near  Tb ,  both  x'  and  ?/'  were 
found  to  be  greatly  enhanced,  and  x'  decreases  with  increas¬ 
ing  frequency  following  a  log(/  )  dependence.  Also,  the 
scaling  method  was  used  to  obtain  the  energy  barrier  distri¬ 
bution. 
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Impregnating  transition  metallic  compounds  into  porous  glass  is  a  simple  way  to  form  ultrafine 
particles  in  a  glass  matrix.  In  our  studies,  ultrafine  particles  were  prepared  by  impregnating  Fe 
compounds  into  porous  glasses  (pore  size  70±21  A)  and  annealing.  After  annealing,  the  samples 
were  studied  at  different  temperatures  with  a  vibrating  sample  magnetometer.  In  the  annealed 
glasses  two  types  of  particles  were  formed:  (a)  superparamagnetic  particles  and  (b)  ferromagnetic 
particles  with  exceedingly  high  coercivity  (He  =13  kOe  at  298  K).  The  ratio  between 
superparamagnetic  and  high  coercivity  particles  depends  on  the  annealing  temperature  and  time.  In 
samples  annealed  at  lower  temperatures  or  at  high  temperature  for  short  times,  only 
superparamagnetic  particles  were  found.  In  those  annealed  at  high  temperatures  after  certain  times, 
only  high  coercivity  particles  were  found.  It  was  also  found  that  the  blocking  temperature  TB  of  the 
high  coercivity  particles  depends  on  the  annealing  process.  Moreover  it  was  found  that  the  Curie 
temperature  of  the  high  coercivity  particles  is  below  520  K.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)05408-9] 


I.  INTRODUCTION 

Decreasing  the  size  of  a  magnetic  particle  changes  its 
properties  and  presents  interesting  applications  for  magnetic 
storage.  Nano-sized  particles  obtained  from  the  decomposi¬ 
tion  of  Fe(CO)5  in  porous  glass  yields  superparamagnetic 
and  ferromagnetic  particles1,2  and  changing  the  surface  con¬ 
tribution  relative  to  the  volume  contribution  of  particles  can 
enhance  their  coercivity.3,4  The  ratio  of  superparamagnetic  to 
ferromagnetic  particles,  which  exhibit  exceedingly  high  co¬ 
ercivity  (>10  kOe  at  room  temperature),  depends  on  anneal¬ 
ing  times  and  temperatures.  Superparamagnetic  particles  are 
formed  at  low  annealing  temperatures,  whereas  high  anneal¬ 
ing  temperatures  results  in  glass  consolidation  and  ferromag¬ 
netic  particles. 

II.  EXPERIMENTAL  SECTION 

Samples  of  Corning  code  7930  Vycor  glass  (PVG)  were 
impregnated  with  iron  pentacarbonyl  or  iron  nitrate  by  pre¬ 
viously  described  vapor  deposition1,2  or  solution  adsorption 
technique.  For  consistency,  the  impregnated  samples  were 
broken  into  several  pieces,  and  the  individual  piece  was  an¬ 
nealed  for  different  temperatures  and  times. 

The  magnetization  of  the  samples  were  measured  with  a 
DMS  vibrating  sample  magnetometer  with  temperature  con¬ 
trol  and  up  to  a  maximum  field  of  13  kOe. 

III.  RESULT 

The  magnetic  properties  of  iron  impregnated  PVG  after 
consolidation  are  dependent  on  annealing  conditions  and  the 
temperature  (Fig.  1).  At  high  temperatures,  ^150  °C,  the  co¬ 
ercivity  drops  to  essentially  zero  at  200  °C  (Fig.  1),  and  the 


magnetization  decreases  rapidly  as  the  temperature  increases 
from  200  to  250  °C.  The  hysteresis  loops  measured  at  150  °C 
show  that  coercivity  increases  with  increasing  annealing  time 
and  temperature.  Increasing  the  annealing  time  and  tempera¬ 
ture  also  reduces  the  superparamagnetism  in  the  samples. 

Previous  studies5  show  that  the  consolidation  of  PVG 
begins  at  900  °C,  and  the  presence  of  absorptions  at  1300 
and  1900  nm,  which  are  overtones  of  the  surface  hydroxyl 
indicate  that  samples  annealed  at  1000  °C  are  not  fully  con¬ 
solidated.  However,  the  extent  of  consolidation  increases 
with  annealing  time  and  this  affects  the  magnetic  properties 
of  the  samples.  With  the  exception  of  a  slightly  larger  open¬ 
ing  in  the  loop,  samples  annealed  for  one  minute  at  1000  °C 
exhibit  essential  identical  loops  when  measured  at  30  and 
- 150  °C  [Fig.  2(a)].  Increasing  the  annealing  time  to  60  min 
increases  the  hysteresis  in  the  high-field  region  [Fig.  2(b)]. 
The  shape  of  the  hysteresis  loop  could  be  due  to  the  super¬ 
position  of  a  minor  loop  with  high  coercivity  and  a  major 
with  little  hysteresis.  This  suggests  that  two  different  types  of 
magnetic  particles  are  present  in  the  glass.  One  possesses  a 
low  coercivity,  while  the  other  possesses  a  temperature- 
dependent  high  coercivity. 

IV.  DISCUSSION 

Previous  studies6  show  that  y-Fe203  is  formed  in  a  silica 
matrix  when  annealed  at  900  °C,  and  Mossbauer  spectra  of 
the  samples  prepared  in  our  experiments  are  also  consistent 
with  the  presence  of  Fe203 .  This  species  is  assigned  to  the 
superparamagnetic  material  in  the  glass.  The  nature  of  the 
ferromagnetic  particles  is  not  clear,  but  the  Curie  temperature 
indicates  it  is  different  from  the  bulk  material.  Figure  1 
yields  a  Curie  temperature  below  250  °C,  and  in  all  samples 
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FIG.  1.  (a)  Magnetization  curves  of  sample  annealed  at  1200  °C  for  15  min  at  different  temperatures:  (a)  150  °C,  (b)  200  °C,  and  (c)  250  °C.  (b)  Magneti¬ 
zation  curves  of  sample  annealed  at  1200  °C  for  90  min  at  different  temperatures:  (a)  150  °C,  (b)  200  °C,  and  (c)  250  °C.  (c)  Magnetization  curves  of  sample 
annealed  at  1100  °C  for  120  min  at  different  temperatures:  (a)  150  °C,  (b)  200  °C,  (c)  250  °C,  and  (d)  30  °C.  (d)  Magnetization  curves  at  250  °C  of  sample 
(a)  annealed  at  1200  °C  for  90  min,  (b)  annealed  at  1200  °C  for  15  min,  and  (c)  annealed  at  1100  °C  for  120  min. 


examined  in  these  experiments,  the  Curie  temperature  is  be¬ 
low  350  °C.  The  latter  is  small  in  comparison  to  those  re¬ 
ported  for  bulk  iron  oxides.  The  Curie  temperature  of  the 
Fe304,  for  example,  is  585  °C. 


The  blocking  temperature  of  the  ferromagnetic  particle 
in  these  glass  matrices  increase  with  increasing  annealing 
temperature  and  time.  For  a  single  domain  particle,  the 
blocking  temperature  is  given  by7 


^  magnetic  field  strength  (Oe)  (b)  magnetic  field  strength  (Oe) 

FIG.  2.  (a)  Magnetization  curves  of  sample  annealed  at  1000  °C  for  1  min  at  (a)  30  °C  and  (b)  -150  °C.  (b)  Magnetization  curves  of  sample  annealed  at 
1000  °C  for  60  min  at  (a)  30  °C  and  (b)  - 150  °C. 
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KV!%=25kBT , 

where  K  is  the  magnetic  anisotropic  constant,  V  is  the  vol¬ 
ume  of  the  particle,  kB  is  Boltzmann’s  constant,  and  T  is 
temperature.  Since  the  blocking  temperature  increase  with 
particle  size,  Figs.  1  and  2  suggest  that  the  size  of  the  ferro¬ 
magnetic  particles  increases  during  the  annealing.  In  addi¬ 
tion,  the  different  temperature  dependencies  of  the  ferromag¬ 
netic  and  superparamagnetic  particles  suggest  that  the 
consolidation  of  the  matrix  changes  some  of  the  superpara¬ 
magnetic  particles  to  ferromagnetic  particles. 

V.  CONCLUSION 

Regardless  of  the  precursor,  impregnation  of  porous  Vy- 
cor  glass  and  subsequent  annealing  of  the  impregnated  glass 
yields  superparamagnetic  and  ferromagnetic  particles  that 


exhibit  a  high  coercivity.  The  temperature  dependence  of 
these  impregnated  glasses  suggests  applications  as  magnetic 
storage  materials  where  the  field  cooling  method  could  be 
used  to  write  data  onto  the  material. 
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Fe^-Cujoo-*  alloys  (40^x=s90)  prepared  by  ball  milling  nominally  pure  (99%)  Fe  and  Cu  powders 
and  warm  compacted  (at  -300  °C)  were  investigated  by  differential  scanning  calorimetry,  scanning 
electron  microscopy,  x-ray  diffraction,  and  magnetic  susceptibility  measurements.  Both  fee  and  bcc 
diffraction  peaks  (indicative  of  pure  Fe  and  Cu)  showed  that  the  mixtures  were  still  two  phase  even 
after  milling  for  400  h,  and  that  they  were  comprised  of  6-10  nm  diameter  grains.  Surprisingly, 
however,  calorimetric  measurements  indicate  the  presence  of  a  large  endothermic  peak  for  these 
nanocrystalline  composites  on  heating  near  600  °C  and  an  exothermic  peak  near  400  °C  on  cooling. 

Magnetic  measurements  show  that  these  materials  are  ferromagnetic  at  room  temperature  and 
remain  so  (with  decreasing  saturation  magnetization)  up  to  near  the  Curie  point  of  a-Fe,  770  °C. 

However,  near  600  °C  on  heating  (and  also  near  400  °C  on  cooling),  the  magnetic  susceptibility 
indicates  the  existence  of  a  magnetic  phase  change.  High-temperature  x-ray  diffraction  data  show 
these  effects  are  due  to  the  oxidation  of  Fe  to  form  magnetite  which  subsequently  decomposes  into 
wustite.  The  thermal  hysteresis  observed  in  the  magnetic  and  thermal  data  is  due  to  the  sluggishness 
of  the  latter  transformation.  Furthermore,  heating  to  temperatures  in  excess  of  600  °C  results  in  the 
dissolution  of  Cu  into  the  iron  oxides  which  does  not  reprecipitate  on  cooling.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)05508-5] 


I.  INTRODUCTION 

Fine  dispersions  of  magnetic  particles  in  nonmagnetic 
matrices  have  been  found  to  possess  different  magnetic  char¬ 
acteristics  than  the  same  particles  compacted  together  into  a 
bulk  material  without  the  non-magnetic  constituent.1  In  fact, 
the  properties  may  be  tailored  by  proper  adjustment  of  the 
relative  composition  of  the  two  species  (an  easy  variable  to 
control)  and  the  thermal-magnetic  treatment  given  the  mate¬ 
rial.  Applications  of  such  materials  to  recording  heads,  high- 
density  recording  media,  color  reproduction,  and  magnetic 
refrigeration  have  been  suggested.2  One  particularly  exciting 
new  effect  found  in  multilayers3  and  thin  granular  metal 
films4  of  such  composites  is  the  “giant  magnetoresistance 
(GMR)  effect.”3  In  a  recent  study  to  prepare  bulk  GMR- 
exhibiting  Fe-Cu  nanocomposites  by  ball  milling  and 
consolidation,5  the  presence  of  a  magnetic  transition  near 
600  °C  (on  heating)  was  indicated  by  magnetization  mea¬ 
surements.  As  there  is  no  equilibrium  magnetic  (or  even 
crystallographic)  phase  change  in  this  system  at  600  °C,6  it 
was  suggested  that  the  nanocrystalline  morphology  had  re¬ 
duced  the  au^y- Fe  transformation  temperature  in  these  ma¬ 
terials.  This  effect  would  be  similar  to  the  reduction  in  the 
fcc^hcp  transformation  temperature  found  in  pure  Co,7 
when  prepared  in  the  nanocrystalline  state.  In  order  to  clarify 
the  nature  of  this  new  magnetic  transition  in  the  Fe-Cu  sys¬ 
tem,  the  present  study  was  initiated. 

II.  EXPERIMENTAL  PROCEDURE 

FexCu100-jc  composites  (40<x<90,  atomic  percents) 
were  prepared  by  ball-milling  powders  of  pure  Fe  (99.9% 
purity;  average  particle  size  <9  /xm)  and  Cu  (99%  purity; 


average  particle  size  <8  yum)  in  a  318-mm-diam  steel  tum¬ 
bler  mill  using  steel  balls  under  a  dry-nitrogen  atmosphere 
for  400  h.5  This  method  has  previously  been  found  success¬ 
ful  for  preparing  fine  dispersions  of  these  materials  in  large 
quantities.8  X-ray  diffraction  of  the  milled  powders  indicated 
the  presence  of  three  phases:  a-Fe,  fee  Cu,  and  a  little  Fe304 
(magnetite).  From  the  widths  at  half  maximum  of  the  (110) 
and  (111)  diffraction  lines  for  Fe  and  Cu,  respectively,  the 
average  grain  sizes  were  calculated  using  the  Scherrer  for¬ 
mula  and  found  to  range  between  3  and  10  nm.5 

Prior  to  measurement  of  the  magnetic  and  thermal  be¬ 
havior  of  these  composites,  18-mm-tall  compacts  were  pre¬ 
pared  by  consolidation  under  a  dry-nitrogen  atmosphere  in¬ 
side  a  specially  designed  8-mm-diam  mold  with  a  steel 
plunger,  sealed  with  vacuum  grease.  Typically,  the  compacts 
were  cold  compacted  at  room  temperature  in  an  MTS  model 
810,9  followed  by  warm  compaction  at  300  °C  and  1.5  GPa 
for  5  h.  X-ray  diffraction  of  the  compacted  samples  again 
only  indicated  the  presence  of  a-Fe,  fee  Cu,  and  a  small 
amount  of  Fe304 .  During  consolidation  the  Fe  and  Cu  grains 
increased  to  11-13  nm  and  6-9  nm,  respectively.  Following 
consolidation,  the  samples  were  analyzed  using  energy  dis¬ 
persive  x-ray  analysis  (EDAXS)  in  a  JEOL  JXA-840II  scan¬ 
ning  electron  microscope.9  Since  there  were  found  to  be  sig¬ 
nificant  variations  from  the  nominal  compositions,  unless 
otherwise  noted,  all  compositions  in  this  paper  are  quoted  in 
their  analyzed  atomic  percentages.  Differential  scanning 
calorimetry  (DSC)  of  the  consolidated  samples  was  per¬ 
formed  in  a  Perkin-Elmer  DSC  7  (Ref.  9)  at  a  heating  and 
cooling  rate  of  10  °C/min,  and  magnetization  measurements 
were  performed  at  elevated  temperatures  under  flowing  he¬ 
lium  gas  in  a  vibrating  sample  magnetometer  using  a  boron 
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FIG.  1.  Magnetization  (M)  vs  temperature  ( T )  for  the  ball-milled  Fe57Cu43 
nanocomposite  measured  during  heating  (filled  symbols)  and  cooling  (open/ 
min  symbols)  at  2  °C  as  indicated  by  the  arrows.  The  highest-temperature 
data  (same  units)  are  magnified  in  the  inset. 

nitride  sample  holder.  High-temperature  x-ray  diffraction 
(HTXRD)  was  performed  using  Cu  Ka  radiation  in  a 
Siemens  D5000  theta-theta9  diffractometer  equipped  with  a 
Buhler  3000  K  hot  stage,9  a  Braun  linear  position  sensitive 
detector,  and  a  theta  compensating  slit.  For  this  latter  data, 
the  1  cmXl  cmXl  mm  sample  foil  was  placed  on  top  of  an 
Al203-coated  Pt-heater  strip  surrounded  by  He  gas,  and  each 
spectrum  measurement  took  approximately  30  min. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  magnetization  data  measured  at  748 
kA/m  (9.4  kOe)  applied  field  for  the  x—51  nanocomposite. 
These  data  are  similar  to  those  measured  in  the  earlier  study5 
on  a  different  sample.  During  heating  there  are  two  major 
features:  (1)  a  large  broad  decrease  in  M  starting  at  near 
400  °C  and  ending  near  600  °C  and  (2)  a  smaller  sharp  de¬ 
crease  in  M  at  near  710  °C.  Both  features  are  suggestive  of 
ferromagnetic  to  paramagnetic  transitions.  Also,  since  the 
magnetization  changed  by  93%  in  feature  (1),  the  majority  of 
the  sample  transformed  between  400  and  600  °C.  Indeed,  the 
isotherms  in  Fig.  2  for  this  sample  show  that  at  room  tem¬ 
perature  the  material  is  ferromagnetic  and  at  790  °C  it  is 


FIG.  2.  Magnetization  vs  applied  magnetic  field  isotherms  for  the  ball- 
milled  Fe57Cu43  nanocomposite  measured  at  the  indicated  temperatures.  The 
central  temperature  isotherm  was  measured  following  the  first  thermal  cycle. 


FIG.  3.  DSC  data  vs  temperature  for  the  ball-milled  Fe57Cu43  nanocompos¬ 
ite  during  heating  and  cooling  (indicated  by  arrows)  for  three  successive 
thermal  cycles.  “Upward”  deviations  are  endothermic  events. 


paramagnetic.  However,  as  shown  in  the  phase  diagram  for 
the  major  constituents,6  Fe  and  Cu,  at  this  composition  there 
are  no  magnetic  phase  changes  near  600  °C.  Since  the  lattice 
constant  of  Fe  in  this  sample  was  measured  to  be  only  2.87  A 
(only  0.15%  larger  than  that  of  pure  Fe),  the  600  °C  transi¬ 
tion  does  not  come  from  a  Curie  temperature  (Tc)  depression 
of  a- Fe  due  to  increased  solubility  of  Cu.  The  smaller  sharp 
decrease  in  M  at  near  710  °C,  however,  probably  is  due  to 
the  Curie  point  depression  of  a- Fe  due  to  the  equilibrium  1% 
Cu  solubility. 

Similar  to  the  magnetization  heating  data,  the  cooling 
data  in  Fig.  1  also  show  two  prominent  features:  (1)  a  small 
sharp  increase  in  M  at  near  680  °C  and  a  much  larger  sharp 
increase  in  M  beginning  at  near  400  °C.  It  is  attractive  to 
ascribe  both  these  features  to  the  same  phenomena  that  cause 
the  two  drops  in  M  during  heating,  but  with  their  transition 
temperatures  displaced  toward  lower  temperatures.  If  this  as¬ 
sumption  is  true,  then  these  features  are  not  likely  to  be 
Curie  temperatures.  Furthermore,  the  measured  hysteresis 
suggests  that  the  magnetic  effect  is  probably  due  to  a  crys¬ 
tallographic  change  between  ferromagnetic  and  paramag¬ 
netic  phases. 

The  DSC  data  for  this  sample,  Fig.  3,  further  support  the 
likelihood  that  the  large  features  in  the  M  vs  T  data  are  due 
to  phase  transformations.  Notable  are  the  endothermic  reac¬ 
tion  near  600  °C  and  the  exothermic  reaction  near  425  °C 
which  roughly  repeat  with  thermal  cycling.  The  similarity  in 
the  temperatures  of  these  two  arrests  to  the  temperatures  of 
the  largest  magnetic  effects  is  suspiciously  coincidental.  For 
a  first-order  phase  transformation  between  equilibrium  crys¬ 
tallographic  phases,  one  would  expect  these  heat  effects. 
However,  no  heat  effect  should  occur  at  a  Curie  point  since 
the  ferromagnetic  to  paramagnetic  transformation  is  of  sec¬ 
ond  order.  Consequently,  the  magnetic  phenomena  occurring 
at  600  °C  on  heating  and  at  400  °C  on  cooling  are  unlikely  to 
be  Curie  point  effects.  Also  notable  from  the  thermal  data 
(and  also  measured  in  the  magnetometer)  is  that  this  phase 
transformation  is  repeatable,  indicating  the  transforming 
phases  are  stable  with  respect  to  the  composition  and  mor¬ 
phology.  Consequently,  the  possible  explanation  of  the  above 
results  by  a  remarkable  reduction  (by  a  factor  of  2)  in  the 
a<=tyf  transformation  of  Fe  from  its  equilibrium  value  of 
1100  °C  (since  these  two  phases  are  ferromagnetic  and  para- 
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FIG.  4.  X-ray  diffraction  data  for  the  ball-milled  Fe57Cu43  nanocomposite, 
measured  during  heating  at  the  indicated  temperatures.  The  baselines  have 
been  shifted  for  clarity.  Peak  identification  (by  length  of  indicator  line) 
appears  at  the  bottom  and  top.  The  arrows  refer  to  peaks  from  the  sample 
substrate,  A1203 . 


magnetic,  respectively)  is  not  likely. 

HTXRD  data  provide  the  most  definitive  results  on  the 
identification  of  the  unknown  magnetic  transformations  de¬ 
scribed  above.  Figure  4  shows  that  during  heating  of  the  57% 
Fe  nanocomposite,  much  of  the  a-Fe  oxidizes  to  Fe304  be¬ 
tween  550  and  625  °C10  followed  by  a  dissolution  of  Cu  into 
the  magnetite  at  temperatures  up  to  700  °C  to  form 
[Fe(Cu)]304.  Consequently,  the  large  decrease  in  M  ob¬ 
served  near  600  °C  is  a  combination  of  the  a-Fe  transform¬ 
ing  to  the  less  magnetic  Fe304  and  the  subsequent  ferromag¬ 
netic  paramagnetic  transition  of  magnetite  at  its  Curie 
point:  580  °C.  Surprisingly,  the  HTXRD  data  show  that  the 
large  endothermic  reaction  seen  in  the  DSC  data  at  near  the 
same  temperatures  as  the  large  magnetic  transition  on  heat¬ 
ing  does  not  derive  from  the  same  cause,  but  comes  from  the 
slightly  higher  temperature  (700  to  775  °C10)  transformation 
of  the  Cu-containing  magnetite  into  a  paramagnetic  Cu- 
containing  wustite,  [Fe(Cu)]0.  Without  Cu  present,  this 
transformation  would  occur  at  570  °C,  only  10  °C  different 
from  the  Tc  of  magnetite.11  Cu  dissolution,  however,  does 
occur  in  both  the  magnetite  and  wustite  as  indicated  by  the 
shift  in  all  the  Bragg  peaks  for  these  phases  to  lower  angles 
because  of  the  larger  Cu  atoms.  On  cooling,  the  x-ray  data 
show  that  the  [Fe(Cu)]0  does  not  transform  back  to 
[Fe(Cu)]304  until  between  625  and  550  °C,10  i.e.,  150- 
200  °C  below  that  observed  during  heating.  This  hysteresis 
has  been  observed  in  the  binary  Fe-O  system,11  and  explains 
the  thermal  hysteresis  effect  observed  in  the  DSC  and  mag¬ 
netic  data.  For  the  latter  data,  the  large  increase  in  M  ob¬ 
served  on  cooling  near  400  °C  is  due  to  the  creation  of  the 
ferromagnetic  magnetite  from  the  paramagnetic  wustite.  In 
the  final  transformation  of  [Fe(Cu)]0  to  [Fe(Cu)]304  (near 
550  °C10)  during  cooling,  Cu-containing  hematite, 
[Fe(Cu)]203,  is  also  formed.  It  is  interesting  to  find  that  on 
further  cooling,  no  Bragg  peaks  for  the  fee  Cu  were  ob¬ 
served,  indicating  that  the  thermal  cycling  resulted  in  all  the 
Cu  being  contained  in  the  magnetite  and  hematite. 


For  an  87%  Fe  nanocomposite,  only  a  30  percent  mag¬ 
netic  arrest  was  observed  near  600  and  450  °C  during  heat¬ 
ing  and  cooling  respectively  while  a  60  percent  effect  was 
measured  during  both  heating  and  cooling  at  near  780  °C. 
Consequently,  it  appears  that  in  this  more  concentrated  Fe 
sample  only  some  of  the  Fe  oxidized  to  form  magnetite  dur¬ 
ing  heating,  and  the  two  magnetic  transitions  again  reflect 
the  Curie  points  of  magnetite  and  a-Fe,  consistent  with  the 
data  described  above  for  the  57%  Fe  sample. 

IV.  CONCLUSION 

Ball-milled  and  compacted  Fe^Cu^*  nanocomposites 
(40^jc^90)  are  ferromagnetic  at  room  temperature  and  be¬ 
come  paramagnetic  at  temperatures  between  700  and  780  °C 
depending  on  their  composition.  During  heating  they  will 
oxidize  (externally  and  internally)  if  all  processing  (e.g., 
milling,  compaction,  and  sample  transfers)  and  measure¬ 
ments  have  not  been  performed  to  preclude  contact  with  air 
and  water  vapor.  The  unexpected  magnetic  transition  ob¬ 
served  earlier  near  600  °C  is  due  to  the  Curie  point  of  mag¬ 
netite  and  its  phase  transformation  into  paramagnetic  wus¬ 
tite.  Heating  to  temperatures  in  excess  of  600  °C  results  in 
the  dissolution  of  Cu  into  the  iron  oxides.  Furthermore,  once 
the  Cu  is  dissolved  in  the  oxides,  it  does  not  reprecipitate  on 
cooling.  Care  should  consequently  be  taken  in  the  thermal 
treatment  of  these  and  other  nanocomposites. 
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We  report  the  first  observation  of  steps  in  the  hysteresis  loop  of  a  high-spin  molecular  magnet.  We 
propose  that  the  steps,  which  occur  every  0.46  T,  are  due  to  thermally  assisted  resonant  tunneling 
between  different  quantum  spin  states.  Magnetic  relaxation  increases  dramatically  when  the  field  is 
in  the  neighborhood  of  a  step.  A  simple  model  accounts  for  the  observations  and  predicts  a  value  for 
the  anisotropy  barrier  consistent  with  that  inferred  from  the  superparamagnetic  blocking 
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INTRODUCTION 

The  large-spin  molecule  Mn12O12(CH3COO)16(H20)4, 
has  been  the  subject  of  much  experimental1"5,10  and 
theoretical6,7  work  since  it  was  first  synthesized  by  Lis8  in 
1980.  This  molecule  (often  referred  to  as  Mn12)  contains  four 
Mn+4  (5=3/2)  ions  and  eight  Mn+3  (5=2)  ions. 
Experiments1  indicate  that  it  has  an  5  =  10  ground  state. 
These  molecules  crystallize  into  a  tetragonal  lattice  in  which 
magnetic  interactions  between  molecules  are  thought  to  be 
negligible.3  All  experimental  work1"5,10  to  date  on  this  sys¬ 
tem  indicates  that  it  has  a  large  magnetocrystalline  anisot¬ 
ropy.  Superparamagneticlike  behavior  has  been  reported.1"4 
Below  a  blocking  temperature  of  ~3  K,  hysteresis  is 
observed3,5  and  slow  exponential  relaxation  of  the  magneti¬ 
zation  has  been  found3  with  relaxation  times  that  obey  an 
Arrhenius  law,  r  =  r0eAEIkBT,  down  to  2.1  K;  studies4,10  at 
temperatures  down  to  175  mK  show  deviations  from  this 
form  that  have  been  interpreted  as  possible  signs  of 
temperature-independent  quantum  tunneling. 

In  this  article,  we  report  the  observation  of  steps  in  the 
hysteresis  loops  of  a  powdered  sample  of  Mn12.  We  suggest 
that  the  steps  are  manifestations  of  thermally  assisted,  field- 
tuned  resonant  tunneling  through  the  molecule’s  anisotropy 
barrier.  We  show  that  the  relaxation  rate  increases  dramati¬ 
cally  when  the  applied  field  is  tuned  to  a  field  at  which  one 
of  the  steps  occurs. 

EXPERIMENTS  AND  RESULTS 

The  sample  was  prepared  following  the  published 
procedure8  and  was  then  ground  into  a  powder  consisting  of 
submicron- sized  crystallites.  The  powdered  sample  was 
mixed  into  Sty  cast  1266  and  allowed  to  set  in  a  field  of  5.5  T 
at  300  K.  This  served  to  orient  the  crystallites  suspended  in 
the  epoxy  such  that  their  easy  axes  aligned  with  the  field  due 
to  the  anisotropy  of  the  susceptibility  tensor.  No  corrections 
were  made  for  the  diamagnetism  of  the  epoxy,  which  was 
considered  negligible.  The  dc  magnetization  measurements 
were  taken  at  temperatures  between  1.7  and  15  K  with  a 
Quantum  Design  MPMS5  magnetometer  equipped  with  a 
5.5-T  superconducting  magnet. 

Figure  1  shows  the  hysteresis  loops  taken  with  the  field 


applied  along  the  easy  axis  of  the  oriented  sample  at  six 
different  temperatures  from  1.7  to  2.8  K,  as  indicated.  The 
steps  in  the  loops  are  clearly  visible.  In  contrast,  no  steps 
were  seen  in  a  control  sample  prepared  in  the  absence  of  a 
field.  It  is  noteworthy  that  after  the  system  is  saturated  and 
the  field  is  reduced  back  to  zero  field,  the  curve  is  tempera¬ 
ture  independent  and  no  steps  are  apparent.  The  steps  occur 
only  at  specific  values  of  magnetic  field.  The  inset  to  Fig.  1 
shows  the  field  at  which  a  step  occurs  plotted  versus  step 
number,  where  the  steps  are  labeled  by  integers  and  the  fields 
plotted  are  the  points  in  the  hysteresis  curves  where  the 
slope,  dMIdH ,  is  maximal.  The  excellent  linear  fit  indicates 
that  a  step  occurs  at  approximately  every  0.46  T.  If  data  from 
all  temperatures  are  used,  then  a  total  of  seven  steps,  includ¬ 
ing  the  one  at  zero  field,  are  observed  and  it  is  quite  possible 
that  more  would  be  seen  at  lower  temperatures.  We  note  that 
as  temperature  is  lowered,  steps  that  were  apparent  at  higher 
temperatures  seem  to  disappear.  These  steps  can  still  be  ob¬ 
served,  however,  if  the  rate  at  which  the  field  is  swept  is 


H  (Tesla) 


FIG.  1.  Hysteresis  loops  of  Mn12  for  six  different  temperatures,  as  shown. 
The  inset  shows  the  fields  at  which  steps  occur  as  a  function  of  step  number. 
The  straight  line  is  a  least-squares  fit. 
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FIG.  2.  Zero-field-cooled  data  for  seven  different  measuring  fields.  The  data 
for  0.9  T  (bold  line)  is  anomalous,  shifting  abruptly  toward  lower  tempera¬ 
tures.  The  inset  shows  the  superparamagnetic  blocking  temperature,  TB ,  as 
a  function  of  magnetic  field.  The  anomalous  dips  occur  at  approximately  the 
same  fields  as  the  steps  in  the  hysteresis  loops. 

reduced  sufficiently.  Similar  steps  have  been  observed9  at  0.6 
K  in  [Fe(0Me)2(02CCH2  Cl)]10,  a  molecular  paramagnet 
comprised  of  a  ring  of  Fe3+  ions  which  order  antiferromag- 
netically  and  exhibit  no  hysteretic  effects.  Our  results  appear 
to  be  the  first  observation  of  such  steps  in  a  hysteretic  mo¬ 
lecular  system. 

In  Fig.  2  we  show  magnetization  data  of  the  Mn12 
sample  after  it  was  cooled  from  5  to  1 .7  K  in  zero  field  and 
then  measured  in  an  applied  field  as  the  temperature  was 
raised.  Data  for  seven  different  measuring  fields,  as  indi¬ 
cated,  are  shown.  (Some  curves  at  other  fields  were  omitted 
for  clarity.)  As  expected  for  a  superparamagnetic  system,  the 
blocking  temperature  TB  (the  temperature  of  the  curve's 
maximum)  decreases  systematically  as  the  measuring  field  is 
raised.  However,  the  curve  at  0.9  T  shifts  abruptly  toward 
lower  temperatures.  In  the  inset,  we  show  the  blocking  tem¬ 
perature  as  a  function  of  magnetic  field  from  0.01  to  1.9  T. 
Superimposed  on  the  monatonic  decrease  of  these  tempera¬ 
tures  with  increasing  field  are  several  sharp  dips.  These  dips 
occur  at  approximately  the  same  fields  as  the  steps  in  the 
hysteresis  loops  of  Fig.  1.  Ignoring  these  anomalous  dips,  we 
extrapolate  the  zero-field  blocking  temperature  to  be  ~3.5  K. 
This  corresponds  to  an  energy  barrier,  A £,  of  45  cm"1. 

An  interesting  feature  of  the  zero-field-cooled  curves  is 
that  some  of  them  cross:  in  Fig.  2,  one  can  see  that  within  a 
certain  temperature  range  the  magnetization  attains  a  higher 
value  at  0.9  than  at  1  T  and  sometimes  even  1.1  T.  This 
implies  that  the  relaxation  rate  of  the  system  must  be  signifi¬ 
cantly  faster  at  the  lower  field  value  than  at  the  higher  ones. 
Direct  evidence  for  this  is  provided  in  Fig.  3,  where  we  have 
plotted  the  difference  between  the  magnetization  and  its  as¬ 
ymptotic  value,  M0,  as  a  function  of  time  on  a  semilogarith- 
mic  plot.  The  curves  show  the  relaxation  of  the  magnetiza¬ 
tion  after  the  sample  was  cooled  to  2.4  K  in  zero  field  and 
then  exposed  to  a  field  of  0.9  or  0.95  T,  as  marked.  There  is 
a  dramatically  faster  relaxation  rate  at  0.9  than  at  0.95  T. 
During  the  initial  ~2000  s,  the  magnetization  decays  faster 
than  exponentially.  The  data  for  fS*2000  s  can  be  fitted  very 
well  to  an  exponential,  M  =  M0(  1  —  e~^~t(i)lT),  as  shown  by 


FIG.  3.  Magnetic  relaxation  at  2.4  K  plotted  on  a  semilogarithmic  scale. 
After  cooling  in  zero  field,  a  field  of  0.9  or  0.95  T  was  applied,  as  indicated. 
M0  is  the  asymptotic  value  of  the  magnetization;  the  straight  lines  indicate 
exponential  behavior  for  r>2000  s. 

the  straight  lines  in  Fig.  3.  The  fit  yields  time  constants,  r,  of 
1048  and  2072  s  at  0.9  and  0.95  T,  respectively. 

DISCUSSION 

We  suggest  that  the  observed  steps  are  due  to  thermally 
assisted  resonant  tunneling  between  quantum  spin  states  in 
the  Mn12  system.  In  zero  field,  the  molecule  has  two  degen¬ 
erate  ground  states,  corresponding  to  the  spin  being  parallel 
( m  =  S )  or  antiparallel  ( m=-S )  to  the  easy  axis.  An  anisot¬ 
ropy  barrier  separates  the  states  and  a  magnetic  field  breaks 
the  symmetry,  making  one  state  a  true  ground  state  and  the 
other  a  metastable  ground  state.  This  model  is  illustrated  in 
Fig.  4.  When  an  excited  level  in  the  right  well  is  resonant 
with  the  metastable  m  =  S  ground  state  on  the  left,  transitions 
across  the  barrier  are  induced.  Once  the  system  has  crossed 
the  barrier,  there  is  presumably  a  rapid  spontaneous  decay 
from  the  excited  state  to  the  ground  state.  In  this  way  the 
metastable  state  is  depleted  and  the  system  enters  the 
m  ~  —  S  state. 

The  simplest  Hamiltonian  for  this  system  is 
^=-DS2z-8fiBS-H,  (1) 


FIG.  4.  A  schematic  representation  of  the  resonant  tunneling  mechanism 
proposed  to  explain  the  observations.  Tunneling  from  the  metastable  state 
m-S  to  an  excited  state  m  =  - S  +  n  is  followed  by  a  rapid  spontaneous 
decay  into  the  ground  state. 
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where  D  represents  the  anisotropy  energy  that  breaks  the 
zero-field  Zeeman  degeneracy.  If  the  field  is  applied  along 
the  easy  axis,  then  the  eigenstates  of  this  Hamiltonian  are 
\S,m).  The  first  term  in  Eq.  (1)  implies  that  the  ground  state 
will  be  m—  ±5,  as  expected;  the  sign  depends  on  the  direc¬ 
tion  of  the  field.  For  clarity,  we  take  \S,S)  as  the  initial  state 
of  the  system.  We  propose  that  a  step  occurs  when  the  energy 
of  this  state  is  equal  to  the  energy  of  a  state  on  the  other  side 
of  the  anisotropy  barrier.  A  simple  calculation  reveals 
that  the  field  at  which  the  state  \S,S )  crosses  the  state 
| S,  —  S  +  n),  is 


Thus,  steps  occur  at  even  intervals  of  field,  as  observed.  In¬ 
terestingly,  when  the  field  is  tuned  such  that  the  metastable 
ground  state  in  the  left  well  is  resonant  with  a  state  in  the 
right  well,  all  of  the  excited  states  in  the  left  well  are  also 
resonant  with  states  on  the  other  side  of  the  barrier.  Thus,  a 
multiple  resonance  is  set  up  whenever  the  field  is  tuned  to  a 
step.  Using  the  fact  that  a  step  occurs  every  0.46  T,  we  find 
D/g=  0.21  cm-1,  which  is  consistent  with  the  published 
values1  of  D  ~0.5  cm-1  and  g~  1.9  cm-1.  As  a  further  check 
of  this  model,  we  can  estimate  the  size  of  the  anisotropy 
barrier:  at  zero  field,  the  barrier  is  g(D/ g)S2~ 41  cm  \  con¬ 
sistent  with  the  estimate  of  45  cm"1  obtained  above  from  the 
blocking  temperature  data.  Given  that  5  =  10  in  this  system, 
there  should  be  exactly  21  steps  (n  —  0-20),  the  last  corre¬ 
sponding  to  the  elimination  of  the  barrier.  Measurements  at 
lower  temperatures  are  needed  to  observe  additional  steps. 

As  noted  above,  as  temperature  is  reduced,  any  given 
step  becomes  less  prominent  and  the  transition  rate  decreases 
rapidly.  This  implies  that  the  resonant  tunneling  mechanism 
responsible  for  the  steps  is  thermally  assisted.  It  is  possible 
that  acoustic  phonons  provide  the  angular  momentum  neces¬ 
sary  for  the  transition  between  different  spin  states.  As  tem¬ 
perature  is  lowered,  the  population  of  phonons  (or  other  ex¬ 
citations)  drops  and  the  transition  rate  decreases.  More  work 
is  needed  to  understand  precisely  what  role  thermal  excita¬ 
tions  play  in  this  resonant  process. 

We  would  like  to  stress  that  the  above  model  of  field- 
tuned,  thermally  assisted  resonant  tunneling  out  of  a  meta¬ 
stable  spin  state  explains  many  of  the  observations  presented 
herein.  When  the  field  is  reduced  from  saturation,  no  steps 
are  seen  because  the  system  is  already  in  the  true  ground 
state  m  =  S.  It  is  only  when  the  field  is  reduced  to  near  zero 
or  reversed  that  the  state  becomes  metastable  allowing  reso¬ 
nant  transitions  and  the  corresponding  steps.  The  higher- 


numbered  steps  have  progressively  faster  magnetic  relax¬ 
ation  times  since  the  tunnel  barrier  is  lowered  by  the  applied 
field. 

In  summary,  we  have  found  steps  in  the  hysteresis 
curves  of  Mn12O12(CH3COO)16(H20)4  and  propose  that  they 
result  from  thermally  assisted  resonant  transitions  between 
spin  states.  The  magnetic  relaxation  rate  of  the  system  in¬ 
creases  dramatically  when  the  field  is  tuned  to  a  step;  that  is, 
when  there  is  a  level  crossing.  A  simple  model  has  been 
proposed  that  accounts  for  the  even  interval  of  field  between 
neighboring  steps  and  is  in  quantitative  agreement  with  mea¬ 
surements  of  the  anisotropy  barrier. 

Note  added  in  proof:  Since  we  submitted  this  manu¬ 
script,  two  papers11,12  have  appeared  on  Mn12,  reporting 
anomalously  fast  relaxation  rates  at  zero  field11,12  and  0.3 
T.12  Novak  and  Sessoli12  suggest  that  these  results  are  due  to 
thermally  assisted  resonant  tunneling.  A  similar  suggestion 
has  been  made  previously  by  Barbara  et  a/.10  to  explain  the 
zero-field  anomaly. 
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The  behavior  of  the  magnetization  of  a  fine  particle  system  is  partly  determined  by  the  interaction 
effects  between  the  grains.  In  a  previous  study  by  El-Hilo  et  al}  the  magnetic  particles  were 
considered  to  be  randomly  distributed.  Many  fine  particle  systems  are  expected  to  exhibit  a 
microstructure  that  has  been  influenced  by  intergrain  interactions.  This  effect  on  the  microstructure 
will  be  important  during  the  formation  of  the  solid  where  the  magnetic  particles  exhibit  significant 
mobility.  We  have  developed  a  3D  Monte  Carlo  model  of  a  fluid  dispersion  which  after  reaching 
equilibrium  is  then  allowed  to  “freeze”  to  produce  a  fine  particle  system  with  microstructures  which 
vary  from  clusters  in  the  case  of  zero  field  to  chains  of  particles  in  the  saturated  field  case.  This 
provides  an  excellent  model  system  for  the  study  of  interaction  effects.  Our  previous  model1  is  then 
used  to  study  the  resulting  magnetic  properties  of  the  materials.  These  include  the  remanence  curves 
in  addition  to  the  hysteresis  loops.  The  local  microstructure  is  shown  to  have  a  significant  effect  on 
the  SI  plots  which  are  often  used  to  characterize  interaction  effects.  The  simulation  of  the  systems 
in  a  solid  matrix  exhibits  an  interaction  dependent  magnetic  after  effect.  Because  of  the  interaction 
fields,  the  magnetic  configuration  also  changes  with  time  following  a  change  in  temperature  leading 
to  a  “waiting  time”  dependence  of  magnetic  properties,  an  effect  also  found  in  spin 
glasses.  ©  1996  American  Institute  of  Physics,  [S0021 -8979(96)63308-2] 
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Periodic  breathing  oscillations  and  instabilities  in  ferrofluids  (abstract) 
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Periodic  breathing  oscillations  and  instabilities  are  observed  in  diffraction  patterns  of  ferrofluids  in 
the  presence  of  a  magnetic  thermal  lens  effect.  The  results  crucially  depend  on  (1)  the  boundary 
conditions,  (2)  the  strength  of  external  magnetic  field,  (3)  the  concentration  of  magnetic  particles, 
and  (4)  the  thickness  of  the  sample  layer.  There  is  a  critical  field  above  which  instabilities  occur. 

Under  a  semifree  surface  boundary  condition,  the  observed  oscillation  frequency  co  is  found  to  vary 
with  external  magnetic  field  according  to  (o~ H1/2  for  small  field.  In  the  confined  geometry, 
diffraction  patterns  show  random  rotation  of  various  shapes  between  //cl  and  Hc2.  The  mechanisms 
responsible  for  these  phenomena  will  be  discussed.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)63408-7] 
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The  effects  of  Zn  ion  on  magnetic  properties  Fe304  magnetic  colloids  were  investigated  in  this 
study.  Fe304  magnetic  colloids  were  produced  by  the  chemical  coprecipitation  method,  i.e.,  mixing 
an  acidic  solution  containing  FeCl2  •  4H20,  FeCl3  ■  6H20,  ZnCl2*4H20,  with  a  NaOH  alkali  solution 
at  70  °C,  and  then  centrifuging  them  from  the  mixed  solution.  Various  reaction  times,  solution  p H 
values,  and  Zn  ion  contents  were  also  used.  Fe304  magnetic  fluid  was  obtained  by  adding 
ammonium  oleate  into  the  mixed  solution,  precipitating  the  colloids  from  the  solution,  neutralizing 
the  colloids  by  hydrochloric  acid,  and  dispersing  the  colloids  in  n -hexane.  XRD,  EDX,  TEM,  and 
VSM  were  used  to  determine  the  structure,  chemical  compositions,  particle  sizes,  and  magnetic 
properties  of  the  colloids  and  the  magnetic  fluid.  The  spinel  colloids  was  easily  form  at  a  higher  pH 
value  in  solutions  where  the  pH  value  ranged  from  7  to  12.  Fe304  colloids  were  completely  formed 
within  the  first  minute  of  mixing  and  the  particle  size  of  Fe304  colloids  did  not  increase  with  time 
after  the  first  minute.  The  lattice  parameter  of  Fe304  colloids  increased  linearly  with  the  Zn  ion 
content  because  the  diameter  of  Zn  ion  is  larger  than  that  of  Fe  ions.  The  particle  size  of  Fe304 
colloids  was  found  to  be  10  nm  by  TEM.  For  an  initially  fixed  Zn  content  of  8  wt  %  in  solutions, 
the  Zn  content  in  the  Fe304  colloids  ranged  from  3.32  wt  %  at  pH=5  to  a  maximum  value  of  7.85 
wt  %  at  pH=10.  Later,  it  reduced  to  7.51  wt  %  at  pH=  12  because  Zn  ion  has  the  lowest  solubility 
at  p H=10.  At  8  wt  %  of  zinc  ion  in  the  solution,  the  <js  of  the  Fe304  colloid  increase  sharply  from 
0  at  jt?H=3  to  92  emu/g  at  pH=S  and  then  reach  a  maximum  value  of  94  at  pH=  10.  The  crs  value 
and  Hc  value  of  the  Fe304  colloid  were  found  significantly  improved  by  adding  a  suitable  amount 
of  Zn  ions,  e.g.,  ranging  from  70  emu/g  and  48  Oe  at  Zn=0  wt  %  to  a  maximum  94  emu/g  and  50 
Oe  at  Zn=7.14  wt  %.  Later  they  reduced  to  70  emu/g  and  44  Oe  at  Zn— 12.52  wt  %  when  prepared 
at  pH=  10.  The  as  value  of  the  magnetic  fluid  was  found  linearly  proportional  to  the  colloid  content 
in  the  magnetic  fluid.  For  a  colloid  containing  7.51  wt  %  of  Zn  ion,  the  crs  value  of  the  magnetic 
fluid  is  9.8  emu/g  at  25  wt%  of  colloid.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)82708-l] 
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Magnetic  domains  have  been  visualized  by  Kerr  effect  on  nonoriented  silicon-iron  sheets.  A  simple 
methodology  on  how  to  determine  the  surface  magnetization  is  proposed.  For  complex  patterns,  this 
method  provides  interesting  results  which  could  not  be  obtained  by  any  reasoning  based  on  physical 
principles.  ©  1996  American  Institute  of  Physics. 


I.  INTRODUCTION 

Domain  analysis  on  nonoriented  silicon-iron  sheets  are 
virtually  nonexistent.  We  found  only  one  picture  of  magnetic 
domains  visualized  by  Kerr  effect  on  a  Si-Fe  sample1  which 
may  correspond  to  stress  patterns  either  induced  by  polishing 
or  by  a  considerable  disorientation  of  the  grain. 

Other  studies2,3  forecast  complex  and  hard  to  interpret 
magnetic  structures  due  to  the  disorientation  of  the  grains  in 
nonoriented  steels. 

For  interpretation  of  such  images,  an  analytic  method  is 
necessary  to  determine  the  magnetic  orientation  in  each  do¬ 
main.  Using  the  Kerr  effect  observations,  Hubert,  Schafer 
and  Rave4,5  developed  a  method  that  consisted  of  taking  two 
pictures  of  the  sheet  for  two  different  incident  polarization, 
each  with  the  same  excitation.  This  method  was  successfully 
tested  on  materials  that  show  high  magnetic  contrast  such  as 
permalloy  and  grain-oriented  silicon-iron  sheets. 

However,  the  method  is  reliable  only  if  the  pictures  can 
be  normalized  by  comparing  them  with  saturated  images  in 
several  directions.  Sometimes  the  saturation  cannot  be 
achieved  even  in  high  fields,  which  introduces  inaccuracies. 
With  high  field  values  the  Faraday  effect  can  be  disturbing. 
Also,  this  method  is  not  very  fast  because  about  sixteen  im¬ 
ages  must  be  recorded  sequentially,  with  the  polarizers  being 
readjusted  in  between.  This  time-consuming  procedure  can 
enhance  the  optical,  thermal,  and  magnetic  instability  of  the 
measurement  bench. 


FIG.  1.  Magnetic  domains  on  N.O.  Si-Fe. 


[S0021-8979(96)75708-3] 


L 

FIG.  2.  The  different  positions  of  the  sample. 


In  their  last  relevant  study6  the  authors  concluded  that 
the  method  has  proven  to  be  of  limited  usefulness  in  practice. 
They  proposed  a  modified  method  where  the  calibration  pro¬ 
cedure  was  replaced  by  the  interactive  assignment  of  magne¬ 
tization  directions  to  certain  domains  (at  least  to  three  do¬ 
mains)  for  which  the  magnetization  directions  are  known. 
However,  this  specific  requirement  limits  the  method  appli¬ 
cation. 

The  drawbacks  of  both  methods  have  prompted  us  to 
look  for  a  simple,  reliable,  and  general  strategy.  That  method 
would  be  of  more  practical  application  for  the  nonoriented 
silicon-iron  steels,  such  as  those  used  in  the  construction  of 
electrical  turning  machines.  First,  however,  the  regular  mag¬ 
netic  domains  on  this  type  of  material  should  be  visualized. 

II.  VISUALIZATION  OF  MAGNETIC  DOMAINS  ON 
NONORIENTED  SHEETS 

The  tests  conducted  until  recently  in  our  lab  as  well  as 
the  bibliography5,7  have  shown  that  the  use  of  a  saturated 
image  as  a  reference  image  does  not  give  a  satisfying  con¬ 
trast  because  of  the  difficulty  to  entirely  saturate  the  poly¬ 
crystalline  samples  and  due  to  the  electro-dynamic  and  opti¬ 
cal  parasite  effects  which  appear  near  saturation. 

TABLE  I.  Grey  levels  on  the  subtracted  pictures. 

Position  of  the  sample  s 

Lengthwise  (L)  (la)  A nL=a.I0mL 

Crosswise  (+90°)  (lb)  A nc+~a.lQmc 

Crosswise  (-90°)  (lc)  A nc_  =  -a.I0mc 


C. 
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FIG.  3.  (L,C)  base. 


We  chose  to  use  the  magnetic  averaging8  as  the  way  to 
obtain  the  reference  images  from  the  samples  in  a  periodi¬ 
cally  varying  excitation  field.  The  utilization  of  such  a  refer¬ 
ence  image  enables  direct  visualization  of  the  domains  on 
nonoriented  Si-Fe  sheets  as  shown  in  Fig.  L 

On  this  kind  of  images  the  different  levels  of  black  and 
white  zones  correspond  to  the  different  orientations  of  the 
magnetization.  Yet,  measurements  of  the  magnetic  contrast 
obtained  inform  us  about  only  one  component  of  the  do¬ 
main’s  magnetization.  In  some  easy  cases,  we  can  deduce  the 
direction  of  the  magnetization  from  physical  principles  (flux 
closure,  minimum  magnetic  poles)  which  govern  the  magne¬ 
tization  of  this  material. 

The  visualization  of  regular  domains  on  Si-Fe  sheets  be¬ 
ing  no  problem  any  more  we  have  elaborated  an  original 
general  method  for  the  determination  of  the  magnetic  direc¬ 
tion  at  each  point  of  the  acquired  images. 

III.  DETERMINATION  OF  THE  DIRECTION 
OF  MAGNETIZATION 

For  soft  materials,  the  calculations  prove  the  polar  mag¬ 
netization  component  to  be  negligible.  It  was  also  verified 
experimentally  by  positioning  the  aperture  diaphragm  in  the 
center  of  the  back  focal  objective,  where  only  the  polar  Ken- 
effect  should  be  observable  and  no  contrast  was  found. 

Unlike  the  cited  authors4,5  who  combined  the  optical  in¬ 
formation  from  two  different  incident  polarizations,  using 
both  longitudinal  and  transverse  Kerr  components  to  deter- 


FIG.  5.  Classical  arrowing  (left),  magnetization  determined  by  calculation 
(right).  Note:  the  deviation  of  the  middle  arrow  is  due  to  the  presence  of  a 
vertical  white  band  (a  problem  of  the  acquisition  card)  which  slightly  dis¬ 
torts  the  values  of  the  grey  levels. 

mine  the  planar  magnetization  components,  we  used  only  the 
longitudinal  effect  combined  with  a  90°  rotation  of  the 
sample. 

The  experimental  procedure  is  shown  in  Fig.  2.  The 
usual  positions  of  the  sample  holder  are  lengthwise  (L)  and 
crosswise  (C+  or  C-).  The  figure  is  a  view  of  the  turntable 
as  seen  from  above,  thus  illustrating  the  various  positions  of 
the  sample.  The  component  drawn  in  fat  line  in  the  figure  is 
the  component  that  is  actually  detected  with  the  Kerr  effect. 

With  the  pure  in-plane  magnetization  and  the  use  of  lon¬ 
gitudinal  effect,  the  luminous  intensity  after  the  analyzer9  is 
of  the  form 

I=I0  +  I0Km  +  D,  (1) 

where  the  three  terms  correspond  to  contributions  due  to: 

(1)  the  nonmagnetic  reflectivity  of  the  metal, 

(2)  the  magneto-optically  generated  light  intensity,  and 

(3)  a  quadratic  term  of  the  magneto-optical  effect,  which  can 
be  neglected  if  polarizer  and  analyzer  are  uncrossed. 

As  the  acquisition  chain  is  linear,  the  grey  level  A n 
evaluated  in  our  difference  images  is  proportional  to  the  in¬ 
tensity  /.  Different  orientations  of  the  sample  holder  lead  to 
the  relations  shown  in  Table  I. 

Let  (L,C)  be  a  base  linked  to  the  sheet’s  surface  as 
shown  in  Fig.  3.  L  is  parallel  to  the  length  of  the  sheet,  and 


position  L  position  C+ 


FIG.  4.  Positions  L  and  C+,  validation  in  a  simple  case. 
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position  L  position  C+ 

counterrotated  by 
image-processing 

FIG.  6.  Example  of  complex  domains  analysis. 


calculated  directions  of 
magnetization  (a) 


C  to  its  width.  Then  let  a  be  the  angle  between  the  direction 
of  magnetization  M-  and  the  L-axis. 

From  the  relations  la-lc  above,  the  equation 

mr  A  nr+  —A  nr_ 

tg  a=—  =—^=— — (2) 
mt  An}  Arii 

follows  immediately.  Since  both  signs  of  the  lengthwise  and 
crosswise  difference  intensities  are  known,  the  vector  M  can 
be  unambiguously  put  into  the  proper  angular  quadrant  as 
shown  in  Fig.  3. 

IV.  PRACTICAL  IMPLEMENTATION 

We  applied  the  following  principles: 

(1)  Since  the  exact  domain  structure  is  nonrepetitive,  there 
should  be  no  variation  in  the  excitation  between  the  dif¬ 
ferent  shots  of  the  images  with  magnetic  data; 

(2)  Since  the  spatial  correspondence  of  the  images  to  be  sub¬ 
tracted  is  fundamental,  both  the  reference  image  and  the 
image  at  a  certain  level  of  excitation  should  be  acquired 
without  rotating  the  turntable  in  the  meantime. 

Also,  the  spatial  correspondence  between  two  subtracted 
images  L  and  C  should  be  carefully  treated.  The  rotation  of 
the  sample  generates  a  rotation  of  the  acquired  image.  The 
digital  image  rotation  and  a  correction  for  residual  transla¬ 
tions  via  image  processing  software  has  proven  to  be  the  best 
way  to  cope  with  the  problem. 

Although  the  sampling  frequency  of  the  acquisition  card 
was  set  to  get  square  pixels  and  the  rotation  axis  of  the 
sample  carefully  controlled,  it  was  not  possible  to  treat  the 
images  pixel  by  pixel.  Consequently,  we  chose  the  areas  of 
homogeneous  intensity  where  the  magnetization  direction 
was  determined  locally. 

V.  RESULTS  OBTAINED 

Our  method  to  determine  the  magnetization  vector  has 
been  validated  on  classical  examples  where  the  magnetiza¬ 
tion  is  well  known,  as  shown  in  Figs.  4  and  5. 

On  regions  with  a  certain  disorientation,  where  the  ma¬ 
terial  develops  complicated  branching  structures,  the  method 
can  provide  results  which  are  impossible  to  derive  with  clas¬ 


sical  inductive  approach  based  on  domains  theory.  An  ex¬ 
ample  of  such  a  structure  is  given  in  Fig.  6. 

VI.  CONCLUSION 

The  disadvantage  of  our  approach  is  the  necessity  to 
rotate  and  align  the  two  images  by  computer  for  further 
quantitative  analysis,  which  slightly  limits  the  resolution. 
The  main  advantage  is  that  by  using  only  the  longitudinal 
Kerr  effect  the  measured  intensities  do  not  have  to  be  related 
to  the  saturated  images,  what  is  necessary  when  using  both 
longitudinal  and  transverse  effects.4-6  As  a  matter  of  fact,  the 
new  method  assures  that  the  proportionality  constants  in  the 
contrast  transfer  function  (see  Table  I)  are  cancelled  by  tak¬ 
ing  the  ratio  of  the  signal  from  the  two  images  L  and  C.  Thus 
the  parasite  effects  like  the  Faraday  effect  are  avoided  and  no 
particular  operational  limitations  are  to  be  taken  into  ac¬ 
count:  the  new  method  may  be  applied  to  any  material,  with¬ 
out  prior  requirements  of  magnetic  saturability  or  partially 
known  domain  structure  and  without  the  limitations  as  to  the 
sample  form  and  size.  It  is  a  relatively  rapid  and  memory 
sparing  method  that  assumes  better  stability  of  measure¬ 
ments. 
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The  energy  loss  per  cycle  in  bar  domain  Si-Fe 
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Theoretical  investigations  into  the  average  energy  loss  per  cycle  of  oriented,  bar  domain  silicon- 
iron  samples,  has  been  typically  carried  out  by  treating  the  static  hysteresis  and  eddy  current  losses 
separately.  Since  all  losses  ultimately  are  related  to  the  motion  of  the  domain  walls  in  soft  magnetic 
materials,  this  differentiation  is  at  best  artificial  and  at  worst  misleading.  A  simple  model  is  proposed 
in  this  paper,  based  on  the  empirical  properties  of  silicon  iron,  which  when  incorporated  into  the  loss 
calculation  yields  results  that  predict  the  presence  of  both  contributions  to  the  total  loss.  In  addition, 
the  model  places  a  limit  on  the  frequency  dependence  of  the  domain  widths  (domain  refinement). 
The  implications  of  this  constraint  are  investigated.  ©  1996  American  Institute  of  Physics. 
[S002 1  -8979(96)75  808-5] 


INTRODUCTION 

The  energy  loss  per  cycle  due  to  sinusoidal  excitation  of 
180°  domain  walls  in  single  crystal,  oriented,  3 %- 4%  sili¬ 
con  iron  has  been  studied  with  the  hope  of  understanding  the 
fundamental  loss  mechanisms  involved.  By  extension,  these 
investigations  should  shed  light  on  the  properties  of  oriented, 
silicon  iron  transformer  steels.  (An  excellent  review  of  this 
area  of  research  is  contained  in  Ref.  1.) 

From  the  experimental  findings  contained  in  the  litera¬ 
ture,  it  appears  that  two  types  of  contributions  are  associated 
with  the  overall  loss  per  cycle  (at  least  for  losses  below 
~100  Hz):  the  static  hysteresis  loss  and  the  eddy  current 
loss.  The  former  loss  is  predominant  below  1  Hz  and  is  fre¬ 
quency  independent,  while  the  latter  becomes  prominent 
above  1  Hz  and  is  linear  in  frequency.  In  the  theoretical 
treatment  of  this  behavior,  researchers  have  sought  to  explain 
these  contributions  separately  (since,  at  least  on  experimental 
grounds,  this  expedient  seems  justified)  and  then  simply  as¬ 
sume  that  these  contributions  can  be  added  together.  On  the 
contrary,  since  these  losses  ultimately  stem  (for  magnetiza¬ 
tion  below  saturation)  from  domain  wall  motion,  both  types 
of  loss  should  be  handled  in  a  unified  manner.  The  model 
proposed  in  this  paper  seeks  to  remedy  this  problem  by  in¬ 
corporating  the  observed  characteristics  of  oriented,  silicon- 
iron  material  into  the  appropriate  calculations  for  the  energy 
loss  per  cycle. 

MODEL 

Figure  1  depicts  a  generalized  static  characteristic  (i.e., 
where  data  are  obtained  under  conditions  of  nearly  constant 
applied  field)  which  relates  the  domain  wall  velocity  (y0)  to 


FIG.  1.  Typical  graph  of  the  domain  wall  velocity  (y0)  vs  the  applied  mag¬ 
netic  field  ( H ). 


the  applied  field  (//).  The  literature  contains  many  specific 
examples  illustrating  this  relationship,  most  notably  in  the 
work  carried  out  by  Hellmiss  and  Storm.2  By  inspection  of 
Fig.  1,  one  can  see  that  if  Hai  the  amplitude  of  a  given 
applied  magnetic  field,  is  less  than  some  threshold  field  H0f 
no  domain  wall  motion  is  observed.  Yet  if  Ha>H0 ,  y0  is 
linked  to  Ha ,  to  the  extent  that  it  exceeds  H0>  by  the  con¬ 
stant  slope  q .  By  extension,  if  one  were  to  excite  this  system 
by  a  sinusoidal  driving  force  of  frequency  /,  then  the  result¬ 
ing  waveform  of  y0  as  it  evolves  in  time  would  appear  as 
shown  in  Fig.  2.  The  output  waveform  (y0  vs  t)  can  be  ana¬ 
lyzed  by  simple  Fourier  series  techniques  to  yield  the  rela¬ 
tion: 

yQ{t)~{2l7r)qHa  cos-1(a)cos(co*) 


+ 


n  =  odd 


sin((n+  l)cos  1 
(«+l) 


a) 


a  sin(rc  cos  1  a) 


cos  (ncot), 


(1) 


where  a  =  H0IHa,  oo=2irf,  and  1. 


FIG.  2.  Input  waveform  (i.e.,  Ha  vs  /)  subject  to  the  characteristic  of  Fig.  1 
yielding  a  distorted  output  waveform  (i.e.,  y0  vs  t). 
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The  average  power  loss  per  cycle  ( p )  can  be  calculated 
from  the  relation: 

<2) 

where  /3y0  is  the  damping  force  and  /?  is  the  damping  coef¬ 
ficient.  A  further  trivial  refinement,  used  in  the  literature,  is 
to  convert  these  losses  into  the  energy  loss  per  cycle  (e) 
through  the  relation: 

e=p/f.  (3) 

However,  before  applying  Eqs.  (2)  and  (3)  to  Eq.  (1)  to 
determine  e,  the  maximum  wall  velocity  can  be  described  in 
either  of  two  ways: 

(yo)™.=q(Ha-H0),  (4) 

where  H0>Hq,  which  was  given  in  Fig.  1.  Equally,  one  may 
describe  the  maximum  wall  velocity  as 

(yo)max=2  7TfL(Bm/Bs),  (5) 

where  2 L  is  the  spacing  between  the  static  domain  walls,  Bm 
is  the  mean  magnetic  induction,  and  Bs  is  the  saturation  mag¬ 
netic  induction/3  Although  Eq.  (5)  assumes  sinusoidal  wall 
velocity  and  this  disagrees  to  some  extent  with  Eq.  (4),  we 
equate  the  maximum  wall  velocity  and  obtain: 

Ha=(2TTfL(Bm/Bs)  +  qH0)/q.  (6a) 

This  result  is  suggested,  if  not  implied,  in  Ref.  1: 

H0/Ha  =  qH0/(2TTfL(Bm/Bs)  +  qH0),  (6b) 

where  Ha>H0  and  Bm<Bs . 

Finally,  using  Eqs.  (2),  (3),  and  (6)  in  Eq.  (1)  yields 
e=(2/TT2)(3[4Tr2L2(Bm/Bs)2f+ATrL(Bm/Bs)qH0 

+  q2H20/f]\  (cos-1  a)2 


44l 

n  =  3 
n  =  odd 


^  sin((n+ l)cos  'a) 
(n+ 1) 


a  sin(n  cos  '  a)' 


(7) 


From  the  expression  given  in  Eq.  (7),  we  note  that  as  / 
becomes  large,  e  takes  on  the  form 

i00  =  2Tr2/3L2(Bm/Bs)2f 

+  2Tr/3L(Bm/Bs)qH0  limit  /-+  (8) 

The  first  term  ih  (7)  is  linear  in  /  and  in  this  regard  resembles 
the  Pry-Bean  loss  or  the  standard  classical  loss.4  The  latter 
term  is  constant  in  /  and  predicts  the  presence  of  a  frequency 
independent  contribution  to  the  total  loss.  On  the  other  hand, 
if  /  were  to  go  to  zero,  the  energy  loss/cycle  becomes 

e0=(8/7 T)pL(Bm/Bs)qH0  limit  /-> 0  (9) 

A  graphical  interpretation  of  Eqs.  (7)  and  (8),  for  a  small 
range  of  frequencies,  is  given  in  Fig.  3  in  terms  of  the  re¬ 


FIG.  3.  Reduced  energy  loss  per  cycle  vs  magnetizing  frequency.  The  upper 
line  represents  the  linear  asymptote  (e„),  while  the  lower  curve  represents 
the  calculated  values  ( 6) . 


duced  loss,  e/(2/3/772)  versus  the  frequency, /.  The  value  for 
( BJBS )  and  L  were  taken  from  Narita  and  Imamura  to  be 
0.5  and  0.59  mm,  respectively,  while  the  product  qH0  was 
taken  from  the  results  of  Hellmiss  and  Storm  to  be  1.22 
mm/s. 

At  1  Hz,  the  discrepancy  between  the  curves,  as  pictured 
in  Fig.  3,  amounts  to  about  24%  of  e  (the  lower  curve),  while 
at  50  Hz,  a  typical  power  frequency,  this  difference  (not 
shown  in  the  figure)  is  slightly  less  than  1%. 

DISCUSSION 

In  testing  the  predictions  of  the  model  versus  experimen¬ 
tal  results,  we  note  that  in  finding  the  static  hysteresis  loss, 
the  standard  laboratory  practice  is  to  extrapolate  the  approxi¬ 
mate  linear  relationship  observed  at  higher  frequencies  down 
to  zero.  The  intercept  of  at  zero  frequency  is  considered  to 
be  the  static  hysteresis  loss.3  From  Eq.  (8),  this  corresponds 
to  an  extrapolated  energy  loss: 

eext  =2irpL(Bm/Bs)qH0. 

However,  in  the  limit  as  /  goes  to  zero,  the  actual  loss  ac¬ 
cording  to  Eq.  (9)  is 

e0  =  (8/Tr)/3L(Bm/Bs)qH0. 

Therefore,  the  ratio  of  the  extrapolated  to  the  predicted 
losses,  far  from  being  unity  (i.e.,  exhibiting  no  difference),  is 
tt/4.  This  discrepancy  was  noted  by  Bishop5  in  comparing 
the  experimental  results  of  Narita  and  Imamura  and  the  static 
hysteresis  losses  obtained  by  Hellmiss  and  Storm.  (Both  sets 
of  researchers  used  single  crystal,  cube-on-side,  3%— 4% 
Si-Fe  samples.)  Bishop  comments  that  this  difference 
amounts  to  roughly  an  order  of  magnitude. 

From  (8),  the  dependence  of  ix  on  L  comes  about 
through  a  linear  and  squared  term.  However,  it  is  well  known 
that  L  changes  discontinuously  through  a  process  of  domain 
refinement  with  increasing  excitation  frequency,  for  instance 
as  shown  in  the  work  of  Shur  and  his  co-workers,6  through 
domain  wall  nucleation.  (Recently  reported  findings  by  Kim, 


6040  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


B.  E.  Lorenz 


et  al?  indicate  that  this  is  also  true  in  very  thin,  33-35  /nm, 
grain-oriented  silicon  steels.)  Haller  and  Kramer8  were  able 
to  show  that  domain  widths  varied,  on  average,  approxi¬ 
mately  as  (1  A//).  However,  if  L  =  r/-0'5,  where  r  is  some 
appropriately  chosen  constant,  then  the  term  in  L 2  in  Eq.  (8) 
would  be  independent  of  frequency,  while  the  remaining 
term  would  vanish  as  the  frequency  went  to  infinity.  Satura¬ 
tion  in  total  losses  has  not  been  observed  experimentally.  For 
this  reason,  it  appears  that  domain  refinement  follows  the 
relation,  L  =  rf~a  where  0<a<0.5.  If  a- 0,  no  domain  re¬ 
finement  would  occur,  while  the  condition  a^0.5  is  physi¬ 
cally  unrealizable. 

Mohri  and  his  fellow  researchers,9  working  on  samples 
of  grain-oriented,  3%  silicon-iron  transformer  steel,  found 
such  a  relation  where  a=0A  and  r  were  dependent  upon  a 
fixed  power  of  BJBS .  More  recently,  in  an  article  authored 
by  Bishop  and  Pfiitzner,10  reported  results  seem  to  indicate 
that  r  and  a  are  both  functions  of  BJBS  where  a  assumes  a 
range  of  allowable  values  somewhere  below  0.5  when  do¬ 
main  wall  bowing  is  not  significant.  The  relationship  be¬ 
tween  L  and  /  could  be  rewritten  as  L  =  L0(fff0)~a ,  where 
L0  is  the  domain  wall  spacing  in  the  demagnetized  state  and 
/0  is  on  the  order  of  1  Hz. 

CONCLUDING  REMARKS 

The  approach,  as  presented  here,  allows  one  to  generate 
both  the  eddy  current  loss  (i.e.,  those  losses  linear  in  fre¬ 
quency)  as  well  as  the  hysteresis  loss  (i.e.,  residual  losses  at 


low  frequency)  simultaneously  from  the  physical  (albeit 
ideal)  properties  of  silicon  iron.  As  a  consequence,  the  rela¬ 
tionship  between  these  losses  appear  together  in  a  natural 
way  as  given  in  Eq.  (7).  This  model  avoids  the  questionable 
practice  of  treating  contributions  separately  and  simply  add¬ 
ing  them  together  to  find  the  total  loss.  In  addition,  the  limit 
placed  on  the  exponent  in  describing  domain  wall  refinement 
is  less  than  0.5  (i.e.,  a<0.5  for  L  =  r/”a).  This  is  based  on 
the  fact  that  the  energy  loss  per  cycle  monotonically  in¬ 
creases  with  excitation  frequency. 

ACKNOWLEDGMENT 

The  author  would  like  to  thank  Dr.  C.  Graham  of  the 
Materials  Science  Department,  University  of  Pennsylvania 
for  his  many  suggestions  and  insightful  comments. 

1 J.  W.  Shilling  and  G.  L.  Houze,  Jr.,  IEEE  Trans.  Magn.  MAG-10,  195 
(1974). 

2G.  Hellmiss  and  L.  Storm,  IEEE  Trans.  Magn.  MAG-10,  36  (1974). 

3K.  Narita  and  M.  Imamura,  IEEE  Trans.  Magn.  MAG-15,  981  (1979). 
4R.  H.  Pry  and  C.  P.  Bean,  J.  Appl.  Phys.  29,  532  (1958). 

5J.  E.  L.  Bishop,  IEEE  Trans.  Magn.  MAG-16,  1  (1980). 

6Ya.  S.  Shur,  Ye.  B.  Khan,  and  V.  A.  Zaykova,  Fiz.  Metal.  Metalloved.  31, 
286  (1971). 

7Y.  H.  Kim,  M.  Ohkawa,  K.  Ishiyama,  and  K.  I.  Arai,  IEEE  Trans.  Magn. 
29,  3535  (1993). 

8T.  R.  Haller  and  J.  J.  Kramer,  J.  Appl.  Phys.  41,  1034  (1970). 

9K.  Mohri,  Y.  Satoh,  and  T.  Fujimoto,  IEEE  Trans.  Magn.  MAG-12,  849 
(1976). 

l0J.  E.  L.  Bishop  and  H.  Pfiitzner,  IEEE  Trans.  Magn.  30,  46  (1994). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


B.  E.  Lorenz  6041 


Correlation  between  the  Barkhausen  noise  power  and  the  total  power 
losses  in  3%  Si-Fe 
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We  present  results  on  Barkhausen  noise  power  in  grain  oriented  3%  Si-Fe  samples  of  different 
quality  (power  losses).  Barkhausen  noise  is  measured  at  constant  values  of  the  magnetic  field 
applied  in  the  rolling  direction  of  the  sheet.  The  measurements  indicate  a  strong  correlation  between 
the  Barkhausen  noise  power  and  total  power  losses.  A  model  is  proposed  to  interpret  the  results 
according  to  which  the  Barkhausen  noise  power  is  related  to  the  density  of  pinning  centers  per  unit 
coercive  field,  an  intrinsic  parameter  of  the  material.  It  is  shown  that  this  parameter  characterizes  the 
ability  of  the  external  field  to  increase  the  number  of  moving  walls.  The  model  and  the  experiment 
demonstrate  that  the  power  losses  in  grain  oriented  3%  Si-Fe  are  improved  either  by  dynamic 
homogenization  of  magnetization,  or  by  decreasing  the  domain  wall  spacing  in  static 
conditions.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)75908-6] 


INTRODUCTION 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Grain  oriented  3%  Si-Fe  steel  sheets  are  engineered  to 
minimize  power  losses  arising  from  magnetic  hysteresis  and 
eddy  currents  during  their  cyclic  magnetization  along  the 
rolling  direction  (RD).  The  magnetic  anisotropy  of  these  ma¬ 
terials  is  associated  with  a  crystallographic  {110}  (001)  tex¬ 
ture.  The  main  domain  structure  consists  of  two  types  of 
domains  whose  magnetizations  are  parallel  or  antiparallel  to 
the  rolling  direction.  When  the  magnetic  field  is  applied 
along  the  rolling  direction,  the  whole  magnetization  process 
takes  place  exclusively  by  the  displacement  of  domain  walls. 
The  most  important  origin  of  losses  accompanying  the  mag¬ 
netization  of  grain  oriented  steels  is  the  eddy  current.  In  a 
material  containing  many  domain  walls,  the  eddy  currents 
are  localized  at  the  wall.  To  reduce  eddy  current  losses  ac¬ 
companying  the  movement  of  the  walls,  these  materials  are 
manufactured  so  that  they  have  a  higher  number  of  domain 
walls,1  i.e.,  the  magnetic  flux  is  uniformly  distributed  over 
the  sample.  This  is  accomplished  by  a  uniform  domain  struc¬ 
ture,  obtained  using  a  domain  refining  technique  (e.g.,  me¬ 
chanical  or  laser  scribing).  As  a  result  of  domain  refinement, 
the  number  of  walls  which  move  effectively  under  alternat¬ 
ing  field  increases,  and  the  velocity  (eddy  current  loss)  of  an 
individual  wall  in  a  constant  flux  density  decreases.  We  use 
this  information  to  interpret  the  experimental  data  relating 
the  domain  wall  spacing  to  the  magnetic  Barkhausen  noise, 
and  to  power  losses. 

Statistical  investigation  of  the  microscopic  processes 
contributing  to  the  total  power  loss  can  be  done  through 
detection  and  analysis  of  the  magnetic  Barkhausen  noise 
(MBN).  In  the  present  paper,  a  method  based  on  the  mea¬ 
surement  of  clustered  Barkhausen  transitions  in  grain  ori¬ 
ented  3%  Si-Fe  is  proposed  and  tested  to  investigate  nonde¬ 
structive^  the  statistical  correlation  between  the  Barkhausen 
phenomenon  and  the  total  power  losses.  The  method  relates 
the  MBN  to  power  losses  through  a  model  based  on  domain 
wall  displacement  after  they  are  released  from  pinning  cen¬ 
ters. 


Magnetic  Barkhausen  noise  (MBN)  measurements  were 
performed  using  the  instrument  described  in  Ref.  2.  Briefly, 
the  apparatus  consisted  of  a  magnetic  transducer,  a  magneti¬ 
zation  generator,  a  preamplifier,  and  output  equipment.  The 
quantity  measured  in  this  experiment  is  the  magnetic 
Barkhausen  noise  power,  defined  by  the  time  integral  of  the 
squared  voltage  signal: 

F mbn=  f  V2(t)dt=  t—  f  F(o))d(o ,  (1) 

Jo  77T  Jo 


where  F(a>)  is  the  power  spectrum. 

The  relationship  between  the  irreversible  change  in  mag¬ 
netization  produced  by  the  sweep  field  H  and  the  sample 
magnetic  properties  has  been  developed  elsewhere.3  For  the 
case  where  the  macroscopic  induction  rate  is  approximately 
constant  for  the  investigated  samples,  the  MBN  power  is 
described  by  the  equation 


MBN 


(2) 


where  T  is  the  thickness  of  the  sample,  y  is  the  angle  be¬ 
tween  the  magnetic  dipole  moment  and  the  direction  of  the 
magnetizing  field,  and  /0  has  the  dimension  of  a  density  of 
pinning  centers  per  unit  critical  field,  dH0,  which  is  an  in¬ 
trinsic  parameter  of  material.4 

The  samples  used  in  the  present  investigation  were  grain 
oriented  3%  Si-Fe  laminates  of  different  quality  (power 
losses)  having  thicknesses  of  either  9  mil  (^0.22  mm)  or  7 
mil  («0.17  mm).  For  the  quantitative  description  of  material 
texture,  the  (110),  (200),  and  (211)  pole  figures  were  ob¬ 
tained  for  each  specimen  using  the  x-ray  technique  (Schulz’s 
reflection  method).  The  material  texture  was  represented  us¬ 
ing  the  orientation  distribution  function  (ODF),  obtained  fol¬ 
lowing  the  pole  figure  inversion.5 

Magnetic  measurements  were  conducted  using  the  con¬ 
ventional  Epstein  test.  The  samples  were  classified  as  a  func¬ 
tion  of  the  value  of  power  losses  and  identified  using  a  com¬ 
bination  of  numbers  and  letters.  For  the  materials  of  the  same 
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TABLE  I.  Power  losses  and  the  texture  parameter  (sin  y)  for  the  investi¬ 
gated  samples. 


Sample 

S-9A 

S-9B 

S-9C 

S-9D 

S-9E 

S-7A 

S-7B 

S-7C 

Losses 
[W/lb] 
at  1.5  T 

Losses 

0.376 

0.404 

0.408 

0.432 

0.438 

0.362 

0.369 

0.390 

[W/lb] 
at  1.7  T 

0.551 

0.603 

0.621 

0.652 

0.666 

0.543 

0.572 

0.591 

(sin  y) 

0.14 

0.07 

0.19 

0.09 

0.11 

0.09 

0.14 

0.07 

thickness,  9  mil,  the  letters  A  to  £  indicate  the  quality  of  the 
sample.  Power  loss  increases  continuously  from  sample 
S-9A  through  to  sample  S-9E.  The  materials  with  thickness 
of  7  mil  are  represented  by  three  specimens  of  different  qual¬ 
ity  (power  losses),  identified  as  A,  B,  and  C,  respectively. 
The  values  of  power  losses  measured  for  different  samples 
are  listed  in  Table  I. 

The  results  obtained  from  the  MBN  experiments  per¬ 
formed  on  these  3%  Si-Fe  samples  are  presented  in  Figs. 
1(a)  (9  mil  samples)  and  1(b)  (7  mil  samples).  From  these 
graphs,  one  can  see  that  the  relationship  (2)  is  strongly  sup¬ 
ported  by  the  experimental  data. 


30 


0  I - = - 1 

0  50  100  ISO  200  250 

(a)  Sweep  Field  [mV] 


FIG.  1.  MBN  power  versus  sweep  field  in  (a)  9  mil  samples,  and  (b)  7  mil 
samples. 


FIG.  2.  MBN  power  versus  total  power  losses  in  grain  oriented  silicon 
steels. 


For  the  samples  investigated,  the  power  losses  presented 
in  Table  I  are  inversely  proportional  to  the  MBN  power.  The 
regression  of  MBN  power  as  a  function  of  power  losses  is 
shown  in  Fig.  2.  This  graph  clearly  indicates  a  correlation 
between  the  power  loss  and  the  measured  Barkhausen  noise 
power,  which  is  explained  using  Eq.  (2).  In  this  expression, 
there  are  two  terms  related  to  material  structure  which  are 
analyzed:  (tan  y)2  is  a  texture  parameter,  and  /0  is  a  struc¬ 
tural  parameter  characterizing  the  material. 

The  texture  parameter  is  calculated  using  the  averaging 
over  the  grain  orientation  distribution  function.5  If  the  grain 
orientation  in  the  sample  reference  frame  is  represented  by 
the  three  Euler  angles  (<p1,^,^2)  and  the  grain  orientation 
distribution  function  f(g)  =f((p\ ,  </>, <p2)  *s  known,  the  aver¬ 
age  value  of  tan  y^sin  y  (for  small  values  of  angle  y),  is 
given  by 

(sin  7>=  g^2  <j>  sin  sin  $  dip^  d(f>  d<p2, 

(3) 

where 


sin  y(g)  =  cos  4 >• 


(4) 


For  the  analyzed  samples,  the  values  of  (sin  y) 
^(cos  <f>)  calculated  using  Eq.  (2)  are  presented  in  Table  I. 

It  was  demonstrated6  that,  in  a  single  crystal  of  silicon 
iron,  there  is  an  inverse  proportionality  between  the  domain 
wall  spacing  d  measured  in  static  conditions,  and  the  out-of¬ 
plane  angle  of  (100)  easy  magnetization  direction.  General¬ 
izing  this  relationship  to  a  polycrystalline  material,  one  could 
write  that  the  average  domain  wall  spacing  is 


(d)cc 


4(sin  y)  ' 


(5) 


where  T  is  the  sample  thickness,  and  (sin  y)  is  calculated 
using  Eq.  (3).  The  highest  value  of  (sin  y)  means  a  lower 
value  of  domain  wall  spacing,  or,  equivalently,  a  lower  value 
of  eddy  current  loss.1  Calculating  the  domain  wall  spacing 
with  Eq.  (5),  we  found  that  there  not  exists  a  proportionality 
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between  the  calculated  values  and  the  values  of  power  losses, 
which  implies  that  the  domain  wall  spacing  is  not  the  only 
parameter  involved  in  the  loss  problem. 

The  other  structural  parameter  in  Eq.  (2)  is  /0.  The 
higher  value  of /0  is  equivalent  to  a  higher  number  of  walls 
contributing  to  magnetization  when  the  magnetic  field  in¬ 
creases  from  H  to  ( H+dH ),  because  the  number  of  moving 
walls  is  proportional  to  f0  •  dH.  As  a  result,  the  magnetiza¬ 
tion  process  is  more  homogeneous  in  dynamic  conditions. 

According  to  the  proposed  model,  the  MBN  power  de¬ 
pends  on  the  product  f0  •  (sin  yf.  Both  parameters  contribute 
to  the  increase  in  the  active  domain  wall  population.  In  con¬ 
clusion,  the  magnetization  process  is  more  homogeneous  in 
samples  where  the  value  of  the  product /0*  (sin  y)2  is  higher 
and,  as  a  result,  the  corresponding  eddy  current  loss  is  sig¬ 
nificantly  decreased. 


HOMOGENIZATION  OF  THE  MAGNETIZATION 
PROCESS 

In  a  series  of  articles,7"10  Bertotti  found  that  the  number 
of  active  domain  walls  in  several  iron-based  alloys,  including 
grain  oriented  silicon  steels,  obeys  the  linear  law: 

<«> 

vo 

where  n0  is  the  number  of  moving  walls  when  the  magnetiz¬ 
ing  frequency  /w— >0,  H&xc  is  a  fictional  field  acting  on  each 
domain  wall  and  the  field  V0  is  controlled  by  the  material 
microstructure. 

To  move  on  isolated  wall,  we  must  apply  a  field  higher 
than  the  coercive  field: 

H  =  Hc  +  AH=H0+Hexc,  (7) 

where  A  H  represents  the  excess  field  required  to  balance  the 
opposite  field  produced  by  eddy  currents  surrounding  the 
moving  wall.  Generalizing  the  above  relation  to  the  whole 
sample,  the  number  of  walls  which  move  when  the  external 
field  is  increased  with  A  H=H&XC  is 


«=/0^exc=^T 


(8) 


and  the  excess  field  acting  on  a  single  domain  wall  is  de¬ 
creased  accordingly.  In  this  way,  the  characteristic  field  V0  is 
related  to  a  microstructural  parameter,  l//0 ,  which  represents 
the  critical  field  per  unit  pinning  center  in  the  interval  from 
H0to(H0  +  AH0). 


According  to  the  previous  discussion  [see  Eq.  (2)],  the 
characteristic  field  VQ  is  expected  to  contain  also  the  texture 
parameter  (sin  y)2,  so  that  it  has  the  form 


1 

y°a/0(sin  y)2T  ' 


(9) 


Bertotti’ s  experimental  results9  prove  that  V0  decreases 
with  increasing  sample  cross  section  ( T  increases),  decreas¬ 
ing  grain  size  (fQ  increases),  and  decreasing  degree  of  mag¬ 
netic  orientation  (sin  y  increases);  no  analytical  relationship 
between  the  characteristic  field  and  these  microstructural  pa¬ 
rameters  was  suggested. 


CONCLUSIONS 

It  was  found  that,  in  grain  oriented  3%  Si-Fe,  there  is  an 
inverse  proportionality  between  the  MBN  power  and  the  to¬ 
tal  power  loss.  A  nondestructive  method  was  developed  to 
study  the  effects  of  texture  and  microstructure  on  the  mag¬ 
netic  Barkhausen  noise  (MBN),  and  also  on  the  total  power 
losses.  The  method  relates  the  MBN  power  to  the  core  loss 
through  a  model  based  on  domain  walls  displacement  after 
they  are  released  from  pinning  centers.  The  parameter  con¬ 
trolling  this  process  is  the  characteristic  field  V0 .  Even  if  we 
are  not  able  to  calculate  the  value  of  this  parameter  using  the 
information  related  to  the  material  structure,  it  can  be  di¬ 
rectly  evaluated  from  the  magnetic  Barkhausen  noise  (MBN) 
measurements.  The  basic  result  of  this  study  is  that  the  lower 
power  losses  in  grain  oriented  materials  are  obtained  in 
samples  where  the  distribution  of  the  magnetic  flux  is  more 
homogeneous. 

Using  the  MBN  measurements,  the  power  losses  of  dif¬ 
ferent  grain  oriented  silicon  steels  could  be  readily  com¬ 
pared.  Quantitative  measurements  of  power  losses  are  also 
possible  if  the  instrument  is  calibrated  using  the  specimens 
with  known  values  of  the  power  losses. 
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Effects  of  surface  condition  on  Barkhausen  emissions  from  steel 
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Temperature  changes  during  mechanical  processing  such  as  grinding  of  steel  parts  can  cause  phase 
changes  in  the  microstructure.  Thermal  shock  during  the  process  can  give  rise  to  localized  surface 
residual  stress.  The  net  result  can  be  reduced  wear  resistance  and  fatigue  life  leading  to  early  failure 
during  service.  Effective  methods  for  the  detection  of  such  damage  are  necessary.  Barkhausen 
emissions,  which  arise  from  discontinuous  motion  of  domain  walls,  are  sensitive  to  microstructual 
changes  that  affect  domain  dynamics.  Detected  Barkhausen  signals  are  predominantly  from  a 
surface  layer  about  200  pm  thick,  those  from  deeper  being  attenuated  due  to  eddy  currents.  An 
analysis  of  the  detected  signals  can  provide  an  indication  of  the  surface  condition  of  the  material. 
Barkhausen  signals  from  parts  ground  under  controlled  conditions  were  found  to  be  dependent  on 
the  grinding  process  conditions.  The  signal  changes  were  consistent  with  residual  stress  measured 
by  x-ray  diffraction  and  with  hardness  measurements  that  are  indicative  of  changes  in 
microstructure.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)76008-0] 


I.  INTRODUCTION 

Surface  microstructure  plays  an  important  role  in  deter¬ 
mining  the  mechanical  properties  of  materials.1  Improper 
manufacturing  process  conditions  for  structural  components 
can  adversely  affect  the  microstructure  and  residual  stresses 
in  the  material  and  lead  to  early  fatigue  failure. 

Barkhausen  emissions  in  steels  arise  from  discontinuous 
changes  in  the  magnetization  and  are  predominantly  the  re¬ 
sult  of  spontaneous  motion  of  domain  walls  in  the  presence 
of  a  changing  magnetic  field.2  The  Barkhausen  emissions, 
typically  detected  as  voltage  pulses  in  a  field  coil,  appear  as 
a  burst  of  pulses  localized  in  time  regions  where  the  magne¬ 
tization  in  the  material  changes  polarity  as  seen  in  Fig.  1. 
The  signal  is  influenced  by  stress,  which  changes  the  differ¬ 
ential  permeability  of  the  material  and  hence  the  height  of 
the  detected  signal,  and  by  microstructure,  which  determines 
the  defect  density  in  the  material  and  hence  the  overall  shape 
of  the  emissions.3,4  The  sensitivity  of  this  technique  can  also 
be  adjusted  to  different  depths  in  the  material  since  the 
higher  frequency  components  of  the  emissions  from  deeper 
inside  the  material  are  selectively  attenuated  due  to  eddy 
currents  before  being  detected  at  the  surface.4 

Grinding  involves  the  removal  of  material  from  the  sur¬ 
face  of  a  part  for  the  purpose  of  attaining  dimensional  toler¬ 
ance  and  surface  conditioning.  A  significant  portion  of  the 
energy  used  in  removing  the  material  results  in  localized 
heating.5  An  abnormal  rise  in  temperature  during  the  process 
can  result  in  detrimental  metallurgical  phases  in  the  surface 
microstructure,  and  the  thermal  and  mechanical  shock  from 
the  process  can  introduce  localized  surface  stress.6 

Damage  from  improper  grinding  procedures  can  arise 
from  several  conditions  including  reduced  coolant  flow,  and 
is  broadly  classified  by  the  rise  in  temperature.  Retempering 
damage  occurs  when  the  temperature  of  the  part  rises  high 
enough  to  relieve  some  of  the  compressive  surface  stress, 


previously  introduced  by  induction  hardening  for  example, 
leaving  regions  less  resistant  to  wear.  At  significantly  higher 
temperatures,  rehardening  damage  occurs  which  results  in  a 
phase  change  from  ferrite  to  austenite.  On  quenching  by  the 
cooling  fluid  this  produces  regions  of  martensite,  a  hard  and 
brittle  phase,  which  is  prone  to  cracking.6  Effective  methods 
are  necessary  for  the  detection  of  such  metallurgical  changes 
in  the  material. 

II.  EXPERIMENTAL  DETAILS 

Automobile  wheel  bearing  components  were  ground  to 
required  dimensional  specifications  under  progressively  re¬ 
duced  coolant  flow  rate  (normal  flow  rate,  half,  quarter  and 
no  coolant)  in  order  to  induce  different  degrees  of  grinding 
damage  in  the  surface.  Barkhausen  measurements  were  con¬ 
ducted  on  these  components  using  the  Magneprobe.7  Other 
measurements  using  x-ray  diffraction,  for  the  determination 
of  the  absolute  stress  level,  and  Vickers  surface  microhard¬ 
ness,  for  the  estimation  of  surface  mcirostructure,  were  con¬ 
ducted  on  similarly  ground  components,  and  correlated  with 
the  Barkhausen  measurements.  Barkhausen  signal  was  de¬ 
tected  from  regions  where  most  damage  was  expected  using 
a  customized  magnetic  sensor.  Discrimination  frequencies 
for  depth  were  set  for  maximum  sensitivity  to  physical 
changes  in  a  region  approximately  20  pm  thick.8 


FIG.  1.  Magnetizing  signal  and  Barkhausen  emissions  as  a  function  of  time. 
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Coolant  fate  (1*normal,  O=off) 


FIG.  2.  Change  in  peak  value  of  smoothed  Barkhausen  signal  from  vari¬ 
ously  ground  specimens  at  different  magnetizing  amplitudes. 


III.  RESULTS  AND  DISCUSSION 

The  change  in  the  peak  amplitude  of  the  smoothed  signal 
envelope  and  the  width  of  the  peak,  (determined  simply  as 
the  ratio  of  the  envelope  area  to  the  peak  height)  for  speci¬ 
mens  that  had  undergone  progressively  greater  surface  dam¬ 
age  are  shown  in  Figs.  2  and  3.  The  peak  amplitude  is  an 
indicator  of  the  local  residual  stress,  since  tensile  stress  in 
materials  with  positive  differential  magnetostriction  dkfdM 
increases  the  maximum  differential  permeability  and  hence 
the  amplitudes  of  the  Barkhausen  signal.  The  peak  width  on 
the  other  hand  is  an  indicator  of  the  distribution  and  strength 
of  sites  pinning  the  domains  walls.  The  observed  decrease  in 
the  peak  widths  is  an  indication  of  the  altered  micros tucture. 
These  trends  were  verified  by  x-ray  measurements  of  the 
surface  residual  stress  and  the  surface  hardness  for  similarly 
treated  specimens. 


FIG.  3.  Change  in  peak  widths  of  smoothed  Barkhausen  signal  from  vari¬ 
ously  ground  specimen  at  different  magnetizing  amplitudes. 

IV.  CONCLUSION 

The  Barkhausen  technique  has  been  shown  to  be  a  viable 
method  for  assessing  residual  stress  and  microstructural 
phase  changes  in  steel  components  and  the  detection  of  un¬ 
favorable  surface  conditions.  Residual  stress,  measured  by 
x-ray  diffraction,  and  changes  in  microstructure,  estimated 
by  hardness  measurements,  verified  the  measured  changes  in 
Barkhausen  signals. 
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Simultaneous  Barkhausen  discontinuities  of  multiple  die-drawn  Fe-Si-B 
amorphous  wires  connected  with  amorphous  ribbons  (abstract) 

M.  Soeda  and  J.  Yamasaki 

Department  of  Electrical  Engineering,  Kyushu  Institute  of  Technology,  Tobata,  Kitakyushu  804,  Japan 

In-rotating  water  quenched  Fe-Si-B  amorphous  wire  exhibits  the  Barkhausen  discontinuities  (BD)  in 
the  as-cast  state.  Its  minimum  length  to  exhibit  the  BD  depends  on  the  demagnetizing  effect.  The 
minimum  length  is  around  9  cm  for  the  as-cast  wire  with  120  pm  diameter.  For  sensor  application 
of  the  wire  as  a  pulse  voltage  generator,  small  size  sensor  elements  are  needed.  Die-drawn  wires 
with  reduced  diameter  and  minimum  length  of  up  to  2  cm  exhibit  BD1  and  are  expected  for  such 
use.  But  the  pulse  voltage  induced  in  the  sense  coil  by  the  BD  decreases  because  of  decreased 
volume  of  the  wire.  In  this  study,  an  attempt  was  made  successfully  to  develop  a  small  size  BD 
sensor  element  with  higher  pulse  voltage  using  multiple  Fe77  5Si7  5B15  die-drawn  wires  having  30 
pm  diameter  and  4  cm  long.  Three  die-drawn  wires  were  put  together  closely  in  parallel  and  two 
pieces  of  Co74 26^4.748^. iBlg .9  amorphous  ribbon  (5  mmX2  mmX25  yum)  were  attached  to  the  wire 
ends.  It  was  found  that  the  BD  of  the  three  wires  occur  simultaneously  at  the  same  threshold  field. 

Domain  change  of  ribbon  before  and  after  the  BD  was  observed  with  a  Kerr  microscope.  It  was 
found  that  the  amorphous  ribbons  were  magnetized  by  the  stray  field  from  the  ends  of  the  wires  in 
the  direction  opposite  to  the  magnetization  of  the  wire  and  that  the  magnetization  of  the  ribbon 
changes  discontinuously  synchronizing  with  the  magnetization  of  the  wire.  So  it  is  likely  that  the 
magnetizations  of  the  multiple  wires  and  ribbon  form  stabilized  flux  closure  and  that  the 
simultaneous  BD  of  multiple  wires  is  triggered  by  the  flux  jump  of  the  wire  having  the  lowest 
threshold  field.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)70008-7] 
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The  influence  of  domain  activities  on  MR  head  performance 

Weichun  Ye 

Magnetics  Technology  Centre,  National  University  of  Singapore,  Singapore  0511 

Jinyue  Yu  and  Bingchu  Cai 

Information  Storage  Research  Center,  Shanghai  Jiao  Tong  University,  200030,  People’s  Republic  of  China 

The  relation  of  signal  distortion  of  MR  heads  to  the  domain  structure  and  the  domain  activities  was 
studied  in  this  paper.  Several  kinds  of  MR  elements  were  fabricated  and  a  measurement  system  was 
set  up  to  measure  magnetoresistivity.  A  large  drop  near  the  peak  of  the  output  wave  form  was  found 
for  some  MR  elements.  And  the  magnetic  structure  of  the  MR  element  was  investigated  by  the 
“Bitter  pattern.”  It  was  seen  that  there  existed  multidomain  in  the  part  of  the  lead  without  gold 
coating.  Furthermore,  it  was  also  found  that  the  multidomain  existed  in  the  junction  of  leads  and  the 
MR  element,  and  the  new  domain  looked  like  a  hook.  The  appearance  of  this  hook-shaped 
multidomain  has  not  been  reported  up  to  now  in  literature.  The  design  of  the  MR  element  was 
modified  to  eliminate  the  drop  in  the  output  wave  form  and  the  drop  was  reduced  substantially.  Our 
study  shows  that  suitable  geometric  dimensions  and  structures  of  leads  are  also  very  important  to 
high  performance  of  MR  head  in  head  design  in  addition  to  select  the  optimum  biasing  conditions. 
©  1996  American  Institute  of  Physics.  [S002 1  -8979(96)761 08-7] 


I.  INTRODUCTION 

The  read/write  head  is  a  key  component  in  computer 
disk  drives.  Due  to  increasing  demands  for  lower  cost  and 
smaller  diameter  disk  drives,  large  volumes  of  lower  cost 
heads  with  high  reliability  and  high  areal  density,  suitable  for 
products  even  at  smaller  linear  speed  between  head  and  me¬ 
dia,  are  required.  MR  head  offers  potentially  the  highest 
areal  density  for  disk  drives  and  tape  recorders.  The  read 
back  signal  of  a  MR  head  is  velocity  independent  and  is 
large  even  for  the  smaller  diameter  disk  drives.  However,  the 
signal  response  of  MR  heads  is  puzzled  by  the  Barkhausen 
noise  which  originates  from  irreversible  processes  of  buck¬ 
ling  domains.1,2  Many  studies  including  longitudinal  biasing 
for  suppressing  Barkhausen  noise  have  been  reported.3'4  In 
this  paper  we  studied  the  relation  of  signal  distortion  of  MR 
head  to  domain  structure  and  the  domain  activities  which 
appear  in  some  part  of  leads  and  in  the  junction  of  leads  and 
MR  active  regions. 


MR  element 

FIG.  1.  Original  MR  element  with  two  deposited  leads,  each  of  which 
consists  of  two  regions,  region  I — with  gold  coating  and  region  II — without 
gold  coating. 


II.  EXPERIMENTAL  SETUP  AND  MEASUREMENT 

The  81%-19%  Ni/Fe  permalloy  film  with  400  A  thick¬ 
ness  and  3-4  pm  height  was  sputtered  onto  substrate  (glass 
or  ferrite)  and  patterned  to  MR  element  with  the  easy-axis 
along  the  longitudinal  direction.  The  reason  of  putting  Ni/Fe 
film  on  ferrite  substrate  was  that  the  ferrite  substrate  was 
patterned  as  a  part  of  shield.  As  shown  in  Fig.  1,  leads  were 
deposited  to  the  center  of  the  MR  element  for  electrical  con¬ 
tacts.  Regions  I  and  II  were  two  parts  of  a  lead.  The  shad¬ 
owed  region  I  was  coated  with  gold  while  region  II  was  not. 
In  that  case,  the  Ni/Fe  film  in  region  II  actually  became  a 
part  of  the  MR  element. 

The  measurement  system  in  Fig.  2  was  set  up  by  our¬ 
selves  to  measure  magnetoresistance.  The  solenoid  was  acti¬ 
vated  by  an  alternating  signal  of  50  Hz.  There  is  a  uniform 
magnetic  field  inside  the  solenoid  which  strength  ranges  be¬ 
tween  +400  and  -400  Oe  by  changing  the  activating  signal. 
The  MR  sample  to  be  measured  was  placed  in  this  uniform 
magnetic  field  of  which  direction  was  parallel  to  the  hard 
axis  of  the  MR  bar.  A  noninductive  heater  was  used  to  keep 
the  temperature  of  MR  element  above  the  Curie  temperature 


FIG.  2.  Measurement  system  used  to  measure  magnetoresistance. 


6048  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)/6048/3/$1 0.00 


©  1996  American  Institute  of  Physics 


V(mv) 


FIG.  3.  Output  wave  form  from  original  MR  element. 


of  ferrite  substrate.  The  ac  output  signal  derived  from  the 
MR  element  could  be  obtained  from  an  oscilloscope. 

III.  RESULTS  AND  DISCUSSION 

Both  biased  and  unbiased  Ni/Fe  films  were  studied  in 
our  experiments.  For  simplicity,  only  output  wave  forms 
from  unbiased  elements  were  shown  as  examples  in  this  pa¬ 
per.  The  frequency  of  output  signals  for  unbiased  film  was 
twice  as  of  the  stimulating  ac  field.  In  Fig.  3,  it  could  be  seen 
that  there  existed  a  large  drop  near  the  peak  of  the  output 
wave  form.  Obviously,  the  drop  was  harmful  to  the  read  back 
signal  detection,  no  matter  which  type  of  data  detection  was 
adopted,  either  peak  detection  or  PRML  detection.  The  drop 
degraded  the  output  signal.  The  magnetic  structure  of  the 
MR  element  under  different  magnetic  field  strengths  was  in¬ 
vestigated  by  “Bitter  pattern.”  The  MR  element  was  first 
covered  by  a  thin  layer  of  ferrofluid,  then  by  a  thin  layer  of 
glass.  The  particles  of  Fe304  were  under  the  influence  of  the 
stray  fields  of  magnetic  domain  walls.  Therefore  the  pattern 
observed  by  optical  microscope  reflects  the  domain  structure. 
These  domain  structure  patterns  were  thereafter  depicted 
manually  due  to  equipment  limitations. 

It  was  shown  in  Fig.  4  that  there  existed  multidomain  in 
region  II  of  the  lead  without  gold  coating  when  the  field 
strength  was  less  than  5-6  Oe.  The  domain  structure  would 


H:  1-1  Oe 


FIG.  5.  Multidomain  structure  in  the  lead  when  magnetic  field  strength 
H=  —  l  Oe. 

change  with  various  field  strengths.  When  the  magnetic  field 
strength  decreased  from  the  saturation  value  to  about  6  Oe, 
the  multidomain  began  to  appear.  As  the  strength  continued 
to  decrease,  the  domain  wall  density  increased  as  depicted  in 
Fig.  5.  When  the  field  strength  decreased  to  zero  and  began 
to  increase  in  the  opposite  direction,  the  upward  closure  do¬ 
mains  gradually  shrank  and  disappeared  finally,  whereas  the 
downward  closure  domains  appeared  and  grew  (Fig.  6).  The 
arrow  direction  in  Figs.  5  and  6  indicates  whether  its  domain 
is  an  upward  closure  domain  or  a  downward  one.  If  the  mag¬ 
netic  field  strength  in  opposite  direction  became  more  than  6 
Oe,  the  domain  walls  disappeared  and  the  multidomain  state 
returned  to  single  domain  state.  The  existence  of  multido¬ 
main  in  region  II  of  the  lead  in  weak  magnetic  field  explains 
the  drop  found  near  the  peak  of  output  wave  form  in  Fig.  3. 

Furthermore,  it  was  found  that  the  multidomain  structure 
in  the  leads  usually  spread  into  the  active  region  of  MR 
element  and  the  new  domain  looked  like  a  hook.  When  the 
external  magnetic  field  was  along  the  positive  direction,  the 
magnetization  direction  was  at  the  elevation  angle.  As  the 
positive  external  magnetic  field  decreased  to  zero  and  there¬ 
after  increased  in  the  opposite  direction,  the  magnetization 


H:  f  +0.5  Oe 


FIG.  4.  Magnetic  structure  showing  the  existence  of  multidomain  in  lead 
region  without  gold  coating  and  hook-shaped  domain  in  the  junction  of  lead 
and  MR  element. 


H:  1  -  4  Oe 


FIG.  6.  Multidomain  structure  in  the  lead  when  magnetic  field  strength 
H=-  4  0e. 
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H:  |  -  3.3  Oe 


FIG.  7.  Magnetic  structure  change  of  the  “hook-shaped”  domain  when 
magnetic  field  strength  H  =  -3.3  Oe,  as  opposed  to  its  structure  in  Fig.  4. 


direction  rotated  from  the  elevation  angle  to  depression  angle 
direction  and  the  shape  of  the  domains  varied  in  such  a  mode 
that  its  stretch  direction  also  changed  from  elevation  to  de¬ 
pression  direction  and  the  direction  of  the  hooks  transited 
from  right  to  left  abruptly  as  in  Fig.  7.  This  phenomenon  also 
leads  to  the  drop  found  near  the  peak  of  output  wave  form. 
The  appearance  of  hook-shaped  domains  has  not  been  re¬ 
ported  in  any  literature  yet. 

Obviously,  the  motion  of  domain  walls  and  the  genera¬ 
tion  of  new  domains  caused  Barkhausen  noise.  The  design  of 
MR  element  was  modified,  as  shown  in  Fig.  8,  in  order  to 
eliminate  the  drop.  The  region  II  was  also  coated  with  gold 
as  region  I.  It  was  discovered  that  the  drop  was  reduced 


FIG.  S.  Improved  MR  element  structure,  where  two  deposited  leads  are 
coated  entirely  and  uniformly  with  gold. 


FIG.  9.  Output  wave  form  of  the  improved  MR  element,  in  which  drops 
near  the  peak  are  substantially  reduced. 

substantially  and  the  wave  form  of  output  signal  was  im¬ 
proved  for  this  modified  MR  element  (Fig.  9). 

It  is  one  of  the  explanations  that  the  gold  coating  shunted 
current  in  the  Ni/Fe  permalloy  layer  of  the  leads.  Therefore, 
it  reduced  the  distortion  of  output  signals  caused  by  the  mul¬ 
tidomain  in  the  Ni/Fe  layer. 

This  observation  shows  that  the  multidomains  in  region 
II  of  leads  and  the  hooked  domain  structure  appeared  in  the 
junction  of  leads  and  MR  active  regions  are  related  to  MR 
element  geometry  and  structure.  The  motion  and  merge  of 
domain  walls  as  well  as  the  generation  of  new  domains  cause 
the  noise  and  the  drop  of  output  signals. 

IV.  CONCLUSION 

The  relation  of  signal  distortion  of  MR  heads  to  domain 
structure  and  the  domain  activities  which  appeared  in  part  of 
leads  and  in  the  junction  of  the  leads  and  MR  active  regions 
was  studied  in  detail.  It  was  shown  that  there  existed  multi- 
domain  in  some  region  of  leads  and  in  the  junction  of  leads 
and  MR  active  regions  for  some  MR  elements.  The  motion 
and  merge  of  domain  walls  as  well  as  the  production  of  new 
domains  cause  the  noise  and  the  drop  of  output  signal.  Suit¬ 
able  geometric  dimensions  and  structure  of  an  MR  element 
are  also  very  important  to  its  high  performance  in  the  head 
design  in  addition  to  select  the  optimum  biasing  condition. 
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Iron  whisker  domain  patterns  imaged  by  garnet  films 
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Bismuth  doped  yttrium  iron  garnet  thin  films  formed  on  the  surfaces  of  a  gadolinium  gallium  garnet 
substrate  are  used  as  magneto-optical  indicators  for  quantitative  studies  of  the  micromagnetics  of  an 
iron  whisker.  The  method  does  not  require  image  processing.  A  field  applied  perpendicular  to  the 
whisker  axis  splits  a  180°  domain  wall  into  two  90°  sections  slightly  separated  by  a  section 
magnetized  in  the  direction  of  the  perpendicular  field.  A  field  along  the  axis  of  the  whisker  has  a 
similar  effect.  Where  the  region  between  the  two  split  90°  sections  intersect  the  surface,  there  is  a 
magnetic  charge  that  strongly  affects  the  domain  pattern  of  the  indicator  film.  More  generally, 
domain  walls  become  visible  because  the  local  internal  susceptibility  is  greater  at  the  walls  than  in 
the  domains.  The  magneto-optical  indicator  can  be  used  to  measure  both  susceptibilities.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)76208-3] 


I.  INTRODUCTION 

Thin  films  of  garnets  are  useful  as  magneto-optical 
indicators.1  Though  they  were  first  used  for  studying  mag¬ 
netic  materials,  it  is  the  development  of  films  for  studying 
high  temperature  superconductors  that  led  us  to  use  domain 
patterns  in  garnet  films  to  study  the  micromagnetics  of  an 
iron  whisker  with  current  flowing  along  its  axis.2  The  iron 
whisker  is  placed  on  the  garnet  film  as  shown  in  Fig.  1  and 
viewed  between  almost  crossed  polarizers  using  an  optical 
microscope.  An  explanation  is  given  for  why  a  180°  wall  is 
visible  this  way. 

The  indicator  film  is  a  Bi  doped  yttrium  iron  garnet 
formed  on  the  surfaces  of  a  gadolinium  gallium  garnet  sub¬ 
strate  of  high  perfection,  flat  and  smooth  on  the  scale  of 
optical  wavelengths.3  The  film  is  on  both  sides  of  the  sub¬ 
strate,  but  because  the  substrate  is  230  /nm  thick,  only  one 
surface  is  in  focus  at  a  time.  The  indicator  films  are  several 
microns  thick.  Below  a  characteristic  field  Hc~  120  Oe  the 
films  exhibit  stripe  domains  and,  sometimes,  bubbles.  The 
field  at  the  end  of  a  stripe  domain  depends  on  whether  the 
applied  field  is  increasing  or  decreasing.  A  fully  quantitative 
use  of  the  technique  should  include  calibration  of  the  hyster¬ 
esis  of  the  films. 

The  finger  pattern  seen  in  Fig.  2  is  from  the  film  adjacent 
to  the  whisker.  There  is  an  applied  field  Hp~ 35  Oe  perpen¬ 
dicular  to  the  film.  As  shown  below,  this  results  in  a  total 
field  at  the  film  which  is  —55  Oe  and  uniform  over  most  of 
the  Surface.  The  field  exceeds  120  Oe  at  the  edges  of  the 
whisker  (see  Sec.  II)  and  in  the  center  at  the  position  of  the 
180°  wall  (see  Sec.  III).  The  spacing  and  width  of  the  fringes 
changes  with  perpendicular  field.4  There  was  no  applied  field 
H0  parallel  to  the  axis  nor  is  there  a  current  in  the  whisker 
for  Fig.  2.  That  the  fields  are  large  at  the  edges  follows  from 
the  magnetostatics  of  an  ideally  soft  ferromagnetic  material, 
which  is  a  good  approximation  for  the  iron  whisker.5  The 
large  field  above  the  180°  domain  wall  is  the  result  of  Hp 
separating  that  wall  into  two  90°  sections  joined  by  a  section 
magnetized  in  the  direction  of  Hp . 

Observations  and  explanations  of  some  effects  of  H0  and 
a  current  in  the  whisker  are  given  briefly  in  Secs.  IV-VI. 


II.  EXTERNAL  FIELDS  IN  RESPONSE  TO  A 
PERPENDICULAR  FIELD 

In  a  perpendicular  field  Hp  the  charges  on  the  surface  of 
an  ideally  soft  ferromagnetic  material  can  be  calculated  using 
the  Ritz  method  where  a  suitable  functional  form  of  the 
charge  distribution  is  assumed.  The  parameters  are  adjusted 
to  produce  a  uniform  field  in  the  whisker  that  precisely  can¬ 
cels  the  applied  field.  For  a  whisker  with  square  cross  section 
and  area  d 2,  the  charges  on  the  top  surface  are  approximated 
by  the  function  My(x)  and  the  charges  on  the  side  surfaces 
are  approximated  by  the  function  Mx(y).  These  functions  are 
shown  in  Fig.  3(a)  along  with  the  fields  from  the  charges, 
Hfy(x,y)  and  Hx(x,y),  calculated  for  the  planes  just  outside 
the  top  surface  for  y=  1.02<i,1.04<7,  and  1.0 6d.  In  the  center 
of  the  surface,  the  external  susceptibility,  l/^ext~0.55X47r, 
was  calculated  assuming  that  the  local  internal  susceptibility 
is  infinite.  More  properly,  l/Xext~14fc+(0*55X47r),  where 
Xi=MJHk ,  which  is  3,  changing  *ext  by  one  part  in  3X0.55 
X47t=20.  The  present  experiment  is  not  quantitative  enough 
to  measure  the  effect  of  the  anisotropy  field  Hk  in  the  pres¬ 
ence  of  the  dominant  demagnetizing  fields. 

For  the  whisker  shown  in  Fig.  2  <7=320  ^m.  This  is  a 
rather  fat  whisker,  but  not  quite  fat  enough  to  favor  more 
than  one  180°  wall.  Its  length  is  L=6  mm.  There  is  a  one 


FIG.  1.  Perspective  sketch  of  an  iron  whisker  W  placed  on  a  garnet 
magneto-optical  indicator  G  viewed  between  crossed  polarizers  using  an 
optical  microscope  represented  by  the  objective  lens  L.  There  are  three 
magnetic  fields:  H0 ,  from  a  Helmholtz  pair  H  to  magnetize  the  whisker 
along  its  axis;  Hp ,  from  a  coil  V  to  bias  the  indicator;  and  Hl ,  from  the 
current  I  along  the  whisker  axis.  The  coordinate  system  used  here  is  indi¬ 
cated. 


J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)/6051/3/$1 0.00 


©  1996  American  Institute  of  Physics  6051 


..  . 

-  V.  v  *; •. i 
>m  *> 

.  ,  V,.  .•■>£.;  %;t.  :5 'Wz/fMv;^1 ' W''1**1 1  fl 

•  '*&  ■-:  gLfr#- •■^''iljiil^W.W^tei^iii 

‘  -  Ji.  ‘wf  I-:/,  'fpfiji  \  '$?!(;] 

•••  :,& 


FIG.  2.  The  striped  domain  patterns  in  the  garnet  film  indicate  where  the 
fields  from  the  320  /xm  wide  iron  whisker  are  less  than  120  Oe.  The  appli¬ 
cation  of  Up =35  Oe  results  in  a  total  field  at  the  film  of  —55  Oe,  uniform 
over  most  of  the  surface,  except  at  the  edges  of  the  whisker  and  at  the 
position  of  the  180°  wall  where  it  is  greater  than  120  Oe.  The  horizontal 
bands  of  light  and  dark  background  are  optical  interference  fringes. 


degree  inclination  of  the  indicator  film  with  respect  to  the 
whisker  surface.  This  tilt  accounts  for  the  optical  fringes  seen 
running  almost  parallel  to  the  edges  of  the  whisker.  The  sur¬ 
face  of  the  whisker  is  partially  oxidized,  but  this  has  negli¬ 
gible  effects  on  the  response  of  either  the  whisker  or  the 
indicator  film. 

III.  EXTERNAL  FIELDS  AT  A  180°  WALL  IN  A 
PERPENDICULAR  FIELD 

The  calculation  in  Sec.  II  does  not  account  for  the  vis¬ 
ibility  of  the  180°  wall  running  along  the  middle  of  the  whis¬ 
ker.  In  a  bulk  material  with  cubic  anisotropy  a  180°  wall  is 
really  two  90°  walls  held  together  by  magnetoelastic  forces. 
Magnetoelastic  forces  are  very  long  range  and  depend  on  the 
boundary  conditions.  For  the  whisker  one  can  make  the  ap¬ 
proximation  that  the  strains,  which  are  different  for  each  of 
the  three  cubic  axes,  are  nevertheless  uniform.  In  an  internal 
field  greater  than  Hm_& ;1  (for  iron  Hm.&[= 0.6  Oe)  the  wall  will 
split  into  two  90°  sections  separated  by  a  region  magnetized 
in  the  direction  of  Hp ;  that  is,  the  local  internal  susceptibility 
at  the  wall  goes  through  infinity  to  negative  values  if  the 


FIG.  3.  Calculated  components  Hy  and  H'x  of  the  external  fields  from  the 
charges  on  the  whisker  surfaces,  induced  by  applied  fields:  (a)  Hp ;  (b)  H0 . 
In  (a)  H'y  and  H’x  arise  from  the  charge  distributions  ±  My(x )  on  the  top  and 
bottom  surfaces  and  ±Mx(y)  on  the  side  surfaces.  The  curves  are  for  three 
separations  (s  =  0.02  d,0.04  d ,  and  0.06  cf)  between  the  top  surface  and  the 
indicator  film.  In  (b)  H'y  and  Hx  arise  from  a  (x  or  y  ,z),  Eqs.  (3)-(4),  which 
is  the  same  on  all  four  surfaces  and  starts  out  linearly  in  z  from  the  mid¬ 
plane. 


magnetization  in  the  center  of  the  wall  was  already  along  Hp . 
The  degree  of  splitting  is  determined  by  the  magnetic  energy 
of  the  surface  charges  generated  at  the  two  surfaces  in  the 
process.  The  separation,  t,  of  the  walls,  controlled  mainly  by 
the  magnetostatic  energy,  is  given  by 


4tMs  dy 

Hp  =  m-el+  (lo£y  +  1  )  *  (!) 

where  dy  is  the  thickness  of  the  whisker  in  the  direction  of 
the  perpendicular  field  Hp .  This  relation  is  shown  in  Fig.  4 
for  6^=320  yarn.  The  separation  of  the  two  sets  of  finger 
patterns  in  the  garnet  indicator  is  given  by  the  positions 
where  the  total  perpendicular  field  is  equal  to  the  critical 
field  Hc .  This  occurs  at  ±xc .  The  separation  is  2xc  given  by 


2xt 


I  2stMx 

-2V 71— i 


55  H 


—  s 


(2) 


where  s  is  the  vertical  distance  from  the  charge  at  the  surface 
of  the  whisker  to  the  film.  The  factor  1.55  multiplying  Hp 
comes  from  the  fields  produced  by  the  charges  on  the  entire 
surface  of  the  whisker;  see  Fig.  3(a).  As  Hp  approaches 
Hc/1.55=77  Oe,  the  separation  of  the  finger  patterns  di¬ 
verges.  Equations  (1)  and  (2)  can  be  used  to  calculate  the 
dependence  of  the  observed  separation,  2xc ,  on  t  (or  Hp)  for 
a  given  s.  This  is  shown  in  Fig.  4.  It  takes  a  separation  of  the 
walls  by  a  few  hundreds  of  nanometers  to  produce  a  separa¬ 
tion  of  the  finger  patterns  by  tens  of  microns.  An  applied 
field  of  35  Oe  gives  a  splitting  of  the  wall  by  about  0.2  yam 
which  for  s=6  yam  produces  an  additional  115  Oe  at  the 
indicator  film  just  above  the  wall. 


IV.  EXTERNAL  FIELDS  IN  RESPONSE  TO  A 
PARALLEL  FIELD 

There  are  large  fields  H[  perpendicular  to  the  surface 
caused  by  the  magnetic  surface  charges  a  that  give  rise  to  the 
demagnetizing  field  that  all  but  cancels  H0  in  this  magneti¬ 
cally  soft  material.  The  charges  are  proportional  to  H0  and 
depend  on  z,  the  distance  along  the  axis  from  the  center  of 
the  whisker.  These  fields  can  be  assessed  from  calculations 
of  demagnetizing  effects  in  ideally  soft  magnetic  materials.6 


FIG.  4.  Relations  between  the  applied  perpendicular  field  Hp ,  the  separation 
t  of  the  two  90°  sections  of  the  split  1 80°  wall,  and  the  separation  2xc  of  the 
two  sets  of  finger  patterns  in  the  indicator  film,  for  3,  6,  and  9  /ttm  spacings 
between  the  indicator  film  and  the  top  surface  of  the  whisker. 
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FIG.  5.  Striped  domain  patterns  in  the  indicator  film  for  Hq~ 50  Oe.  This 
displaces  the  180°  wall  and  develops  charges  on  the  surfaces  as  calculated  in 
Fig.  4.  The  contour  of  the  extremity  of  the  finger  pattern  is  described  by 
z^lffix),  where /(x)  is  given  by  Eq.  (4). 


To  a  crude  approximation  for  10 <L/d<  100,  in  the  center  of 
the  whisker  face  at  a  distance  z  from  the  midplane, 
/f|(0,z)s(3.5  +  O.2L/d)(2z/L)//o.  For  a  whisker  with  Lid 
=  25  at  z  =  LI 4,  //{(0,L/4)  =  4  H0 .  The  profile  of  the  surface 
charges  and  the  components  of  the  external  fields  that  they 
produce  are  shown  in  Fig.  3(b)  as  calculated  from 


cr(x,z) 


Hz) 

24 


2x 

~d 


(3) 


where 

/{*}  =  [  1 .024{  ( 1  —  1/3 +( 1  +  x )“ 1/3}  -  0.09 1 3 

-  0.036x2  —  0.066x4] ,  (4) 


where  k(z)  is  the  charge  on  all  four  sides  per  unit  length.  For 
X(z)aZj  contours  of  constant  external  field,  in  the  limit  of 
small  separation  between  the  indicator  film  and  the  top  sur¬ 
face  of  the  whisker,  are  given  by  z*l//{x}  which  are  ap¬ 
proximately  ellipses  centered  on  the  midpoint  of  the  surface. 
Figure  5  shows  such  a  contour,  distorted  slightly  by  the  small 
angle  between  the  indicator  film  and  the  whisker  surface. 

The  wall  is  visible  for  moderate  values  of  H0 ,  as  shown 
in  Fig.  5,  for  almost  the  same  reason  that  the  walls  are  visible 
for  Hp .  In  both  cases  it  is  easier  to  create  charge  by  breaking 
the  180°  wall  into  two  90°  sections  than  to  rotate  the  mag¬ 
netization  out  of  the  plane  in  the  domains.  One  could  say  that 
the  local  internal  susceptibility  is  higher  at  the  wall  than  in 
the  domain.  Indeed,  the  local  internal  susceptibility  for  the 
splitting  of  the  180°  wall  goes  to  infinity  when  the  perpen¬ 
dicular  component  of  the  internal  field  HiL=Hm_ti  and  is 
negative  for  Hi±  >i/m_el. 


V.  MOVING  DOMAINS  WITH  PERPENDICULAR 
FIELDS  AND  CURRENTS 

The  position  of  the  180°  wall  is  determined  by  HQ  and  is 
not  affected  by  Hp.  For  more  complicated  domain  structures 


FIG.  6.  The  transition  structure  which  connects  two  orthogonal  180°  walls, 
illustrated  for  an  H0  which  almost  saturates  the  central  cross  section.  One  of 
the  two  identical  connecting  domains  is  shown  from  the  top  in  dotted  outline 
in  (a)  and  in  cut  out  form  in  (b).  This  structure  can  be  moved  by  perpen¬ 
dicular  fields  and  by  currents  along  the  whisker. 


and  in  the  presence  of  the  field  from  the  axial  current,  there 
can  be  interactions  of  the  domain  configurations  with  Hp. 
The  well-known  diamond  structure  moves  under  the  influ¬ 
ence  of  the  perpendicular  field.  A  particularly  interesting  ef¬ 
fect  occurs  for  the  transition  structure,  explained  by  DeBlois 
and  Graham,7  shown  in  Fig.  6,  which  connects  two  180° 
walls  that  are  orthogonal  to  one  another.  This  structure  can 
be  generated  by  combinations  of  H0  and  Hp .  When  the  struc¬ 
ture  is  near  one  end  of  the  whisker,  it  is  stable  up  to  a  critical 
current  or  a  critical  perpendicular  field  at  which  it  propagates 
down  the  whisker  switching  the  dominate  1 80°  wall  from  the 
xz  plane  to  the  yz  plane. 

VI.  PARTIALLY  SATURATED  IRON  WHISKERS 

If  H0>Hd ,  which  saturates  the  center  of  the  whisker, 
there  will  be  very  little  charge  on  the  surface  for  \z\<zs,  the 
limit  of  saturation.  The  fringes  follow  as  the  field  draws 
the  magnetic  charge,  the  sum  of  which  does  not  change  for 
H0>Hd ,  closer  to  the  ends.  Then  the  contours  of  Hc  are 
observed  to  be  much  flatter  across  the  whisker,  as  predicted5 
for  partially  saturated  whiskers,  compared  to  the  case  shown 
in  Fig.  5. 

lA.  A.  Polyanskii,  V.  K.  Vlasko- Vlasov,  M.  V.  Indenbom,  and  V.  I.  Ni- 
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3  The  indicator  film,  commercially  available,  was  provided  by  Prof.  B.  Hein¬ 
rich,  Director  of  the  Surface  Physics  Laboratory  of  Simon  Fraser  Univer¬ 
sity. 

4  A.  H.  Bobeck  and  E.  Della  Torre,  Magnetic  Bubbles  (North  Holland, 
Amsterdam,  1975). 
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(1984). 
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Temperature  and  field  dependence  of  domain  wall  dynamics 
up  to  the  Curie  point  of  EuO 

A.  Flosdorff,  D.  Gorlitz,  and  J.  Kotzler 

Institut  fur  Angewandte  Physik,  Universitat  Hamburg,  Jungiusstrasse  11,  D-20355  Hamburg ,  Germany 

Using  a  broadband  vectorial  microwave  reflectometer,  the  dynamic  susceptibility  has  been  measured 
on  a  EuO  sphere  in  the  range  from  0.3  to  20  GHz.  The  data  taken  at  zero  field  between  4.2  K  and 
the  Curie  temperature  Tc- 69.5  K  were  analyzed  using  a  phenomenological  model  of  a  damped 
harmonic  oscillator  for  the  domain  walls,  that  has  been  successfully  applied  to  the  early 
investigations  on  ferrites.  Based  on  the  micromagnetic  Landau-Lifshitz  (LL)  model,  the 
temperature  variation  of  the  intrinsic  resonance  and  damping  frequencies  are  explained  up  to 
7=0.98  Tc.  The  resulting  LL-kinetic  coefficient,  L1=1.1X1011  s_1,  remains  independent  of 
temperature  and  is  related  to  the  dipolar  induced  relaxation  rate  of  the  longitudinal  magnetization 
fluctuations.  In  fields  along  the  easy  [111]  axis  and  the  symmetric  [100]  direction  this  wall  process 
prevails  for  magnetizations  smaller  than  MJ 4  and  Ms/y[3,  respectively.  Above  these  thresholds,  the 
characteristic  frequencies  of  the  dominant  process  decrease  with  field,  possibly  due  to  rotational 
dynamics,  and  for  Hll[lll]  a  second  dynamics  associated  with  the  paraprocess  is  contributing. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)76308-X] 


I.  INTRODUCTION 


Recently,  investigations  of  domain  wall  (DW)  dynamics 
of  the  cubic  model  ferromagnets  EuS  (Tc=  16.6  K)  and  EuO 
(7C=69.1  K)  have  been  started1,2  in  order  to  gain  a  more 
quantitative  understanding  of  the  effects  of  thermal  fluctua¬ 
tions,  microscopic  damping  mechanisms,  anisotropy,  and  do¬ 
main  structure  on  this  collective  phenomenon  of  practical 
importance.  The  present  work  examines  in  further  detail  the 
temperature  variations  of  the  wall  dynamics  of  EuO  and,  in 
particular,  the  influence  of  magnetic  fields  and  of  the  cubic 
anisotropy  HA= 240  Oe  (MS(T)/MS( 0))5.3  We  also  try  to 
explain  the  values  of  the  characteristic  frequencies  which 
turn  out  to  be  rather  high  compared  to  corresponding  results 
for  ferrites,4  garnets,5  and  thin  films.6 

First  results  obtained  by  measurements  of  the  dynamic 
susceptibility  ^(to)  in  zero  magnetic  field  between  4.2  K  and 
Tc  of  needle-shaped  ellipsoids  (demagnetization  coefficient 
Nz^0.\)  of  EuS  (Ref.  1)  and  EuO  (Ref.  2)  have  been  ex¬ 
plained  assuming  a  damped  oscillator  shape  for  the  dynamic 
wall  susceptibility 


xwM=(x^-(<o/aw)2+ico/Lwrl.  (l) 


This  shape  derives  from  the  Landau -Lifshitz  (LL)  equa¬ 
tion  of  motion  with  the  damping  term  (L1/M2)(MXM)XM 
and  also  follows  from  a  recent  more  general  ansatz7  in  the 
micromagnetic  limit.  Instead  in  terms  of  the  conventional 
wall-damping  and  mass,4  we  have  represented  ^(w)  by  us¬ 
ing  the  kinetic  coefficient  of  the  damping, 


( yMs)2+L2x  IS 

Ly  d 


(2a) 


and  the  resonance  frequency  of  the  walls 

Cll=LyLw,  (2b) 

because  these  quantities  do  not  depend  on  the  static  wall 
susceptibility  Xw  •  Basically,  they  are  determined  by  the  ratio 
of  the  widths  of  the  walls  (S)  and  the  domains  (d)  and  by  the 


LL  coefficient  L± .  Note  that  the  kinetic  coefficient  deter¬ 
mines  the  mobility  of  the  walls  fjiw=v/AH=Lwd/2Ms.  Ef¬ 
fects  of  sample  demagnetization  and  contributions  of  other 
processes  to  *(<u)  have  been  taken  into  account  by  the  form 

xM- 

which  means  that  in  a  first-order  approximation6  the  cou¬ 
pling  of  the  walls  to  the  other  processes  is  only  provided  by 
the  ac-demagnetization  field.  The  results  for  the  less  aniso¬ 
tropic  EuS  [Ha(T- 0)=24  Oe  (Ref.  3)]  could  be  well  de¬ 
scribed  by  Eq.  (3),  surprisingly  for  temperatures  extending  to 
7C,  i.e.,  far  away  from  the  micromagnetic  limit. 

Using  a  broadband  microwave  reflectometer  described 
elsewhere,8  we  measured  the  linear  complex  susceptibility  of 
a  single  crystalline  sphere,  0=3  mm,  between  0.3  and  20 
GHz.  External  fields  up  to  10  kOe  were  applied  parallel  to 
the  ac-field  and  oriented  along  either  a  hard  [100]  or  an  easy 
[111]  axis  of  the  crystal.  No  significant  hysteresis  effects 
have  been  detected  in  the  present  range  of  temperatures  and 
fields  which  indicates  a  rather  weak  DW  pinning.  This  is  not 
inconsistent  with  the  fairly  large  S/d  ratios  following  from 
the  analysis  of  our  data  in  Sec.  III.  [Using  SQUID  magneti¬ 
zation  data9  exemplified  by  Fig.  3(a),  all  applied  fields  Ha 
have  been  corrected  for  demagnetization,  H~Ha  —  NZM.] 

Typical  frequency  scans  for  dispersion  and  absorption 
taken  at  fixed  temperature,  7=0.43  Tc  are  shown  in  Fig.  1.  In 
zero  applied  field,  Fig.  1(a),  there  is  no  anisotropy,  as  ex¬ 
pected,  and  the  full  curves  represent  the  fit  to  Eq.  (2)  consid¬ 
ering  only  Xwi0*)-  The  same  single  oscillator  model  de¬ 
scribes  the  dynamic  susceptibility  measured  for  H=  18  Oe 
applied  parallel  to  the  [100]  and  [111]  directions,  Fig.  1(b). 
Though  this  internal  field  is  small  compared  to  the  anisot¬ 
ropy  field,  H A(T- OAST c)= 110  Oe,  a  distinct  influence  on 
the  dynamic  susceptibility  is  already  realized.  Before  dis¬ 
cussing  this  interesting  feature  let  us  consider  the  effect  of 
temperature  at  zero  field. 


S  Xi(<°)  +  N: 


l~  1 


—  1 


1-1 


(3) 
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FIG.  1.  Dynamic  susceptibility  of  a  EuO  sphere  (a)  in  zero  magnetic  field 
and  (b)  at  internal  field  18  Oe  applied  along  the  easy  [111]  and  a  hard  [100] 
axis.  Full  lines  are  fits  to  Eq.  (3)  with  *2“0. 

fl.  TEMPERATURE  VARIATION  AT  H=  0 

The  intrinsic  resonance  frequencies  and  the  kinetic  coef¬ 
ficients  of  the  DWs  obtained  from  fits  for  data  measured  in 
the  two  crystallographic  directions  to  Eq.  (3)  are  depicted  in 
Fig.  2.  Both  quantities  decrease  continuously  towards  the 
Curie  temperature  and  the  solid  lines  have  been  obtained  by 
fits  to  Eq.  (2).  Except  for  temperatures  very  close  to  Tc, 
which  will  be  discussed  in  a  future  paper,10  we  find  excellent 
agreement  using  a  temperature  independent  value  for  the  LL 
parameter,  L±  =  1.1(2)  X  10u  s-1,  and  for  the  ratio 
8/d=0.Q$(2)m~a ,  where  a=  1.0(1).  The  reduced  magneti¬ 
zation  ms  =  Ms(T)/Ms( 0)  has  been  inferred  from  neutron 
data.11  These  results  agree  with  those  published  previously 
for  a  EuO  needle  (Nz=0.06)2  indicating  the  validity  of  the 
dynamic  demagnetization,  Eq.  (3). 

Let  us  first  discuss  the  ratio  Sid  by  assuming  (i)  closure 
domains  at  the  surface,  which  give  rise  to  DW  period  of  d 
~4ds~b  in  a  sample  of  effective  thickness  D  and  (ii)  180°- 
Bloch  walls  of  width  SB=xA2^d  (Ref-  12)  to  dominate  the 


FIG.  2.  Temperature  variations  of  the  wall  resonance  flH,  and  damping  Lw 
defined  by  Eq.  (1)  in  zero  field.  Solid  curves  represent  fits  to  Eq.  (3).  Inset: 
static  wall  susceptibility. 


mobility  at  low  fields.  Since  the  susceptibility  associated 
with  the  anisotropy  field  of  EuO  varies  as 
XA(T)  =  MS/HA-M~4(T),3  we  find  for  the  ratio, 
8ld~xXAAl(<ldI>)m~M-\T),  which  corresponds  exactly  to 
the  temperature  variation  derived  from  DW  resonance.  This 
gives  further  evidence  for  the  validity  of  the  micromagnetic 
approach  up  to  temperatures  as  high  as  0.97  Tc  probed  here. 

Addressing  the  magnitude  of  the  LL  coefficient,  Lx  ,  we 
are  not  aware  of  any  rigorous  approach  to  it.  We  note  here 
that  the  analysis  of  relaxation  data  in  the  homogeneously 
magnetized  state  of  EuO,  H>HA  ,13  revealed  a  correlation 
frequency  of  the  torques  flipping  the  magnetization  with  ex¬ 
actly  the  same  value.  There  for  EuO  and  also  for  EuS  (Refs. 
2  and  14)  this  (high)  frequency  could  be  identified  with  the 
decay  rate  >0)  of  longitudinal  magnetization  fluctua¬ 

tions,  M(qllM),  which  recently  has  been  measured  directly 
by  inelastic  neutron  scattering  on  EuS.15  Since  this  relaxation 
rate  was  also  in  numerical  agreement  with  a  prediction  of 
mode  coupling  work,16  it  remains  a  challenge  to  establish  the 
possible  relation  between  L±  and  T j(q— >0). 

Finally  we  note  that  the  (internal)  wall  susceptibility 
shown  by  the  inset  to  Fig.  2  decays  in  a  rather  simple  way, 
Xw(T)-92(4)Ms(T)/Ms(0),  to  zero.  If  we  assume  that  the 
static  DW  response  arises  from  reversible  oscillations  about 
local  minima  of  the  potential  energy  U{ x)  for  the  walls,  then 
the  present  finding  implies  that  the  restoring  force  constant 
d2Uldx 2  acting  on  the  walls  varies  with  M2{T). 

III.  FIELD  EFFECTS  AT  T=0.43TC 

The  significant  effect  of  an  even  small  internal  field  par¬ 
allel  to  the  easy  [111]  direction  on  the  dynamic  response 
x(<o)  is  seen  in  Fig.  1.  Whereas  for  all  fields  parallel  to  the 
[100]  axis,  x(<*>)  can  be  fitted  by  taking  one  Lorentzian  in  Eq. 
(2),  for  Hll[lll]  there  are  two  processes  required  for  fields 
20  Oe.  Interestingly,  at  this  threshold  field  Hl  the 
magnetization  has  reached  one  quarter  of  the  spontaneous 
value  [see  Fig.  3(a)],_which  may  be  associated  with  the  dis¬ 
appearance  of  the  [1 1 1]  domains  due  to  180°-wall  motion. 
Above  H j ,  the  kinetic  coefficient  [Fig.  3(b)]  and  the  reso¬ 
nance  frequency  fll  [Fig.  3(c)]  of  the  process  with  the  domi¬ 
nant  static  susceptibility  X\ »  which  is  depicted  in  Fig.  3(a), 
rapidly  decrease  with  field.  The  second  dynamic  process, 
*2M,  contributing  x(<*>)  for  Hll[lll]  arises  from  the  homo¬ 
geneous  magnetization  in  the  domains,  the  so  called  parapro- 
cess  with  Xi^Xi  »  which  is  studied  in  a  separate  work.13  This 
process  survives  at  large  fields  H>HA ,  where  the  six  unfa¬ 
vorably  oriented  domains  have  been  turned  into  the  field 
direction,  i.e.,  parallel  to  [111].  More  details  of  the  dominant 
process  ;^(<o),  f°r  which  coherent  domain  rotations  have  to 
be  considered,  will  be  given  in  a  fuller  paper.10 

For  fields  along  the  [100]  direction,  on  the  other  hand, 
the  kinetic  coefficients  and  resonance  frequencies  retain  their 
zero  field  values  until  a  larger  threshold  field  is  reached, 
7/2=45  Oe.  Looking  at  the  magnetization  reached  at  that 
field  in  Fig.  3(a),  we  find  M(H2)  ~  Ms/yf 3,  which  suggests 
that  for  H^H2  the  four  unfavorably  oriented  (111)  domains 
with  magnetization  components  antiparallel  to  H  are  re¬ 
moved.  This  would  imply,  that  as  for  H—0,  180°  walls  are 
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H  (Oe) 


FIG.  3.  Field  variation  of  the  internal  (a)  susceptibility,  (b)  kinetic  coeffi¬ 
cients  of  the  damping,  and  (c)  resonance  frequencies  of  the  dominant  dy¬ 
namic  process  for  two  principal  orientations  of  H  at  T=0A3TC .  Full  lines 
represent  empirical  power  laws  in  H.  Panel  (a)  includes  magnetization  data 
(Ref.  9). 

operative  and  this  conclusion  is  fully  confirmed  by  the  field 
independence  of  Lx  and  so  that  we  identify  Xii0*)  with 

Above  H2 ,  the  characteristic  frequencies  of  the  domi¬ 
nant  process  decrease  with  field  Hll[100]  in  qualitatively  the 
same  way  as  for  H>HX  when  Hllflll].  For  the  present  fully 
symmetric  configuration,  the  anisotropy  field  keeps  the  mag¬ 


netizations  along  the  easy  directions,  and  for  internal  fields 
H^Ha  [Fig.  3(a)]  coherent  rotations  are  expected  to  domi¬ 
nate,  Xi(c°)  =  Xr(<*>).  Interestingly,  Fig.  3(a)  shows  that  the 
static  susceptibility  of  this  rotation  agrees  with  that  associ¬ 
ated  with  the  rotation  for  Hll[l  11]  (H>H2),  and  that  we  can 
describe  the  field  variation  by  an  empirical  power  law, 
XR~H~a*  with  ^=0.80(5).  Such  power  laws  can  also  ex¬ 
plain  the  decay  of  the  resonance  and  kinetic  coefficients, 
indicated  in  Figs.  3(b)  and  3(c),  with  slightly  different  expo¬ 
nents,  al= 1.06(9)  and  an  =  1.00(2).  More  details,  in  particu¬ 
lar  on  the  temperature  variation  and  the  interference  of  all 
three  magnetization  processes  in  the  dynamics  will  be  pub¬ 
lished  in  the  near  future. 
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The  dependence  of  magnetoacoustic  emission  on  magnetizing  frequency 
in  nickel  and  mild  steel 
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Magnetoacoustic  emission  (MAE)  measurements  have  been  made  on  nickel  and  mild  steel  samples 
subjected  to  a  magnetizing  field  of  various  frequencies  /.  In  both  samples,  the  MAE  signals  are 
found  to  increase  with  increasing  /.  The  experimental  results  are  in  good  agreement  with  the 
predictions  of  a  model  relating  the  generation  of  MAE  to  domain  wall  nucleation-annihilation  and 
domain  wall  motion.  When  /  is  large,  the  contribution  of  wall  motion  to  the  generation  of  MAE  is 
predicted  to  be  dominant.  Conversely,  when  /  is  small,  MAE  is  generated  mainly  by  domain  wall 
nucleation-annihilation  processes.  At  high  frequencies,  the  amount  of  MAE  from  both  nickel  and 
mild  steel  samples  is  found  to  vary  linearly  with  /° 5.  As  /  decreases,  the  MAE  deviates  from  the 
/°-5  relationship  for  /<  10  Hz  in  mild  steel,  and  for  f<2  Hz  for  nickel.  The  results  suggest  that  in 
nickel,  wall  motion  remains  the  dominant  source  of  MAE  generation  over  a  wider  frequency  range 
than  in  steel.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)76408-6] 


I.  INTRODUCTION 

Magnetoacoustic  emission  (MAE)  is  the  generation  of 
elastic  waves  due  to  changes  of  magnetostrictive  strains  dur¬ 
ing  the  process  of  magnetization.  It  is  known  that  MAE  is 
produced  by  the  motion  of  domain  walls  and  the  processes  of 
domain  wall  nucleation  and  annihilation.1,2  The  amplitude  of 
the  MAE  signal  generated  is  determined  by  the  rate  of 
change  of  magnetostrictive  strain,  which  depends  on  (i)  the 
magnitude  of  the  magnetostrictive  behavior  of  the  material, 
and  (ii)  the  rate  of  change  of  the  magnetic  induction, 
dBfdt.3  In  this  article  we  report  a  study  of  the  dependence  of 
the  MAE  signals  on  dBfdt,  which  is  determined  by  the  fre¬ 
quency  /  of  the  magnetizing  field,  and  the  magnetic  induc¬ 
tion  B  inside  the  sample.  We  formulate  a  model,  in  which  the 
MAE  signal  is  expressed  explicitly  as  a  function  of  /  by 
relating  the  MAE  to  domain  wall  motion  and  the  nucleation- 
annihilation  of  domain  walls.  This  model  provides  informa¬ 
tion  about  the  relative  contributions  of  wall  motion  and  of 
wall  nucleation  and  annihilation  processes  involved  in  the 
MAE  generation.  We  have  calculated  the  relative  MAE  out¬ 
put  for  nickel  and  mild  steel  at  different  frequencies  using 
this  model.  The  result  is  compared  with  MAE  measurements 
made  on  these  materials. 

II.  EXPERIMENTS  AND  RESULTS 

The  dependence  of  MAE  on  the  frequency  of  the  applied 
field  was  investigated  on  a  nickel  bar  and  a  mild  steel  bar, 
both  of  thickness  about  6  mm.  During  the  measurements,  an 
alternating  magnetizing  field  of  triangular  wave  form  and 
amplitude  up  to  43  kA  m_1  was  produced  by  a  c-core  elec¬ 
tromagnet  placed  at  the  center  of  the  bar  as  shown  in  Fig. 
1(a).  The  magnetizing  frequency  /  was  varied  from  0.5  Hz  to 
60  Hz.  Aplastic  spacer  was  inserted  between  the  c-c ore  mag¬ 
net  and  the  sample  to  minimize  the  electrical  and  acoustic 
noises.  The  MAE  signals  detected  by  a  piezoelectric  trans- 
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ducer  were  amplified,  rectified  and  filtered.  The  mean  signals 
were  then  plotted  as  a  function  of  the  field  over  the  complete 
hysteresis  cycle.  Each  measurement  was  repeated  25  times 
and  averaged  in  order  to  improve  the  signal-to-noise  ratio. 
The  MAE  profiles  for  half  of  the  hysteresis  cycle  usually 
contain  a  single  central  peak  for  nickel  and  two  outer  peaks 
(initial  and  final)  for  mild  steel.  Typical  MAE  profiles  of  both 
nickel  and  mild  steel  are  shown  in  Fig.  1(b).  All  the  MAE 
profiles  obtained  are  characterized  for  analysis  by  their  peak 
heights.  Logarithmic  plots  of  the  MAE  signal  (normalized  at 
0.5  Hz)  Vtot,  against  /  for  the  nickel  bar  and  the  steel  bar  are 


FIG.  1 .  (a)  A  diagram  to  show  the  experimental  arrangement  for  the  MAE 
measurements,  (b)  The  MAE  profiles  of  nickel  (left)  and  mild  steel  (right) 
samples  obtained  with  a  magnetizing  field  frequency  of  0.5  Hz.  The  two 
profiles  are  not  in  the  same  vertical  scale,  V  is  the  MAE  signal  and  H  is  the 
applied  field. 
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FIG.  2.  Logarithmic  plot  of  Vtot  (normalized  at  a  frequency  of  0.5  Hz) 
against  /  for  the  nickel  bar.  The  points  (full  circles)  correspond  to  experi¬ 
mental  results,  the  dashed  line  shows  the  f0,5  variation  fitted  to  the  points  at 
higher  /,  and  the  full  curve  was  deduced  from  the  model. 


shown  in  Figs.  2  and  3  respectively.  The  results  show  that 
Vtot  increases  steadily  with  increasing  /  when  /  is  large, 
being  a  linear  function  of/05.  However,  Vtot  deviates  from 
the/05  dependence  when /<  10  Hz  in  the  case  of  steel  (Fig. 
3),  whereas  the/0,5  dependence  is  followed  down  to/^2  Hz 
for  nickel  (Fig.  2). 

III.  THE  MAE  MODEL 

Based  on  a  classical  domain  wall  motion  model,4  the 
MAE  output  Vdm  within  a  period  of  time  r  is  given  by 

1  C  dH  ' 

Vdm~-J  SE  —  n(H)dt,  (1) 


Vtot 


/(Hz) 


FIG.  3.  Logarithmic  plot  of  Vtot  (normalized  at  a  frequency  of  0.5  Hz) 
against  /  for  the  steel  bar.  The  points  (full  circles)  correspond  to  experimen¬ 
tal  results,  the  dashed  line  shows  the  /°-5  variation  fitted  to  the  points  at 
higher  /,  and  the  full  curve  was  deduced  from  the  model. 


where  SE  is  the  change  of  elastic  energy  during  the  motion 
of  non- 180°  domain  walls,  and  n(H)dH  is  the  correspond¬ 
ing  number  of  emission  sites  when  the  magnetizing  field 
changes  from  H  to  H  +  dH.  As  seen  from  Eq.  (1),  the  MAE 
signal  is  proportional  to  the  rate  of  change  of  applied  field 
dHidt .  We  can  therefore  write  Vdm  in  the  form  of  the  rate  of 
change  of  magnetic  induction  B,  which  varies  as  a  triangular 
wave  form  inside  the  sample, 

dB 

Vdm  ~  ^dm  ~~  ^dmB  max/*  (2) 


Here  dBldt  has  been  replaced  by  Bmaxf  where  £max  is  the 
maximum  magnetic  induction  in  the  sample  corresponding  to 
the  maximum  magnetizing  field,  and  Cdm  is  the  proportional 
constant.  Because  of  the  eddy  current  shielding,  significant 
values  of  B  can  only  be  found  within  the  skin  depth,  which  is 
proportional  to  /_05,  and  thus  the  total  MAE  signal  Vdm 
detected  will  depend  on  /  in  the  following  way: 

(3) 

where  p  and  /x  are  the  resistivity  and  permeability  of  the 
material  respectively,  and  the  proportional  constant  Cdm  is 
equal  to  Cdm//0  where  l0  is  the  thickness  of  the  sample.  In  a 
study  of  the  frequency  dependence  of  the  number  of  domain 
wall  nucleation-annihilation  events,  it  was  found  that  by 
minimizing  the  total  energy  dissipated  during  the  magnetiza¬ 
tion  process  with  respect  to  the  number  of  nucleated  domain 
walls,5  that  the  total  number  of  domain  walls  Adw  is  propor¬ 
tional  to  #max/°'5  when  /  is  above  a  threshold  frequency. 
When  considering  the  MAE  output  due  solely  to  the  pro¬ 
cesses  of  domain  wall  nucleation-annihilation,  the  corre¬ 
sponding  MAE  signal  Fna  is  then  given  by 

Vm=CnaBmaJ°-5,  (4) 

where  Cna  is  a  constant.  When  taking  the  eddy  current 
shielding  into  consideration,  we  replace  Cna  by  C'na  which  is 
equal  to  Cna//0,  the  total  MAE  signal  V„a  is  therefore  given 
by 


and  is  independent  of  the  frequency  of  the  applied  field. 
Based  on  the  above  results,  we  can  attribute  the  total  MAE 
signal  Vtot  to  a  combination  of  domain  wall  motion  and  do¬ 
main  wall  nucleation-annihilation  processes.  We  can  obtain 
Vtot  by  combining  Vdm  and  V'a  as  follows: 

vt0l=(v£+  vy,2=Bmmyl^(C'dlf+C^)U2.  (6) 

The  magnetic  induction  £max  inside  the  sample  is  not  easy  to 
determine.  To  find  £max,  we  have  to  consider  the  magnetic 
circuit  formed  by  the  c- core  magnet,  the  two  spacers  (one  for 
each  pole),  and  the  specimen.  The  reluctance  of  the  circuit 
93  is  given  by 


91=2 


fiiAj’ 


(7) 
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where  l( ,  ixt  and  At  are  the  length  of  the  flux  path,  the 
permeability,  and  the  cross-sectional  area  respectively  of  the 
different  sections  of  the  circuit  in  series.  The  magnetic  induc¬ 
tion  B  which  is  equal  to  the  flux  per  unit  area,  for  a  given 
magnetomotive  force  NI  of  a  coil  of  N  turns  carrying  a  cur¬ 
rent  /,  is  therefore  inversely  proportional  to  the  product  of 
91  and  As ,  the  cross-sectional  area  of  the  magnetic  flux  path 
in  the  specimen.6  Therefore  Eq.  (6)  can  be  written  as 

Vtot~  XAS  Cd™f+  m-  (8) 

It  is  also  difficult  to  evaluate  the  constants  Cdm  and  C'a  ap¬ 
pearing  in  Eqs.  (6)  and  (8),  since  they  depend  on  various 
parameters  of  the  samples  such  as  domain  dimensions  and 
density  of  pinning  sites,  which  cannot  be  found  directly  from 
measurements.  We  therefore  introduce  a  parameter 
r=  C^JCdm  to  characterize  the  relative  strength  of  the  MAE 
output  due  to  the  wall  motion  and  the  nucleation-annihilation 
processes.  The  value  of  r  can  be  approximated  by  the  ratio  of 
the  amplitude  of  the  outer  peaks  to  the  amplitude  of  the 
central  portion  of  the  MAE  profile.  For  the  nickel  specimen, 
the  MAE  profile  usually  contains  a  single  peak  around  the 
coercivity.  However,  the  contribution  of  wall  motion  and 
nucleation-annihilation  to  MAE  can  be  differentiated  by 
splitting  the  single  peak  into  three  peaks  in  the  same  profile 
by  making  measurement  using  thicker  spacers.3  The  average 
values  of  r  was  found  to  be  0.99  for  the  nickel  bar.  For  steel, 
the  average  V p  of  the  two  outer  peaks  of  the  MAE  profile  is 
attributed  to  a  combination  of  wall  motion  and  nucleation- 
annihilation  processes,  while  the  central  dip  of  height  Vc  is  a 
measure  of  MAE  generated  only  by  wall  motion.  Therefore 
r  can  be  found  from 


The  average  value  of  r  was  found  to  be  1.56  for  the  mild 
steel  bar.  A  separate  experiment  was  performed  to  determine 
the  permeabilities  of  the  samples.  The  values  of  fx  are  170 
and  200  for  the  nickel  and  mild  steel  bars  respectively.  These 
values  were  measured  in  the  low  field  regions  of  the  magne¬ 
tization  loops  of  the  samples,  because  in  our  analysis,  the 
MAE  results  were  characterized  by  the  height  of  the  peaks 
which  usually  appeared  near  the  low  field  regions  in  the  pro¬ 
files.  The  values  of  r,  jx  and  the  pre-determined  values  of 
p,  91,  and  A  s  for  the  nickel  bar  and  steel  bar  were  substituted 
into  Eq.  (8),  and  the  normalized  Vtot  values  were  then  calcu¬ 
lated  and  plotted  against  /.  Plots  of  these  calculated  values 
are  shown  also  in  Figs.  2  and  3. 

IV.  DISCUSSION 

Figures  2  and  3  show  that  the  theoretical  curves  of  Vtot 
are  in  good  agreement  with  the  experimental  results  over  the 
whole  frequency  range.  According  to  Eq.  (8),  when  /  is 
small,  the  constant  term  C„a  is  dominant  in  Vtot,  and  the 
estimated  values  of  Vtot  are  therefore  larger  than  those  given 
by  the  /°*5  line  at  the  same  /.  As  /  increases,  the  term 
Cdlf  becomes  dominant  over  C 'a ,  therefore  Vtot  increases 
with  /  approximately  as  /°*5.  It  is  known  that  the  velocity 


v  of  domain  walls  is  proportional  to  the  resistivity,  and  in¬ 
versely  proportional  to  the  saturation  magnetization  Ms? 
Therefore  a  material  with  a  lower  Ms  such  as  nickel  tends  to 
have  a  larger  u  than  one  with  a  higher  Ms  such  as  steel.  The 
existence  of  a  strong  central  peak  in  most  of  the  MAE  pro¬ 
files  from  Ni  suggest  that  non- 180°  walls  in  Ni  move  faster 
and  are  more  easily  unpinned  than  in  steel,  giving  rise  to 
more  MAE  in  low  fields.  Thus  in  nickel  domain  wall  motion 
plays  a  dominant  role  in  the  generation  of  MAE  over  nearly 
the  whole  frequency  range.  This  assumption  is  supported  by 
the  MAE  profiles  obtained  at  different  values  of  /,  in  which 
only  a  sharp  peak  around  the  coercivity  can  be  found.  There¬ 
fore  the  /° 5  variation  fits  well  with  the  experimental  results 
except  for/<2  Hz.  In  steel,  Ms  is  large  and  non- 180°  walls 
are  less  mobile,  and  the  wall  nucleation  process  therefore 
makes  a  larger  contribution  than  the  wall  motion  process  to 
the  generation  of  MAE  (r  is  larger  than  in  nickel)  especially 
when  /<  10  Hz.  There  is  a  greater  discrepancy  between  the 
/°*5  curve  and  the  experimental  results  for  /<  10  Hz.  The 
predicted  Vtot  curve,  which  has  taken  both  wall  motion  and 
wall  nucleation-annihilation  into  consideration,  however, 
shows  good  agreement  with  the  experimental  results  even  in 
the  low  frequency  range.  As  /  increases,  the  contribution  of 
the  domain  wall  motion  to  the  MAE  signal  increases,  and  the 
Cdlf  term  becomes  more  important,  as  also  indicated  by  the 
overall  increase  of  the  MAE  signal.  At  very  high  frequencies, 
the  MAE  signals  due  to  the  nucleation-annihilation  and  the 
wall  motion  processes  tend  to  merge  into  a  single,  broad 
peak.  As  a  result,  the  amplitude  of  the  MAE  signal  is  now 
mainly  dominated  by  wall  motion,  and  the  MAE  becomes  a 
linear  function  of  /° 5. 

V.  CONCLUSIONS 

It  has  been  shown  that  the  MAE  signal  increases  with 
/  and  is  a  linear  function  of  / 0,5  if  non- 180°  domain  wall 
motion  is  the  major  source  of  MAE.  This  happens  in  nickel 
over  a  wide  range  of  frequencies,  because  nickel  has  a  low 
Ms ,  the  domain  walls  can  easily  be  unpinned  and  have  a 
larger  velocity.  On  the  other  hand,  in  materials  with  large 
Ms  such  as  steel,  domain  walls  have  a  lower  velocity,  and  the 
MAE  output  is  mainly  due  to  the  domain  wall  nucleation- 
annihilation  processes.  However,  as  frequency  increases,  the 
wall  velocity  also  increases,  and  both  wall  motion  and  wall 
nucleation-annihilation  contribute  to  the  MAE. 
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180°  domain  wall  with  the  coordinate  dependent  azimuthal  angle 
of  magnetization 
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Structure  of  180°  one-dimensional  domain  wall  (DW)  in  a  uniaxial  ferromagnet  in  the  presence  of 
an  external  magnetic  field  arbitrarily  oriented  with  respect  to  the  DW  has  been  investigated. 
Solutions  of  the  system  of  equations  which  describe  the  behavior  of  the  magnetic  moment  inside  the 
DW  in  the  case  when  the  magnetization  azimuthal  angle  is  dependent  upon  the  coordinate  normal 
to  the  DW  have  been  obtained  and  influence  of  magnetic  field  on  the  structure  of  the  DW  analyzed. 
Dependences  of  the  effective  widths  of  the  distributions  of  both  the  polar  and  azimuthal  angles  of 
magnetization  across  the  DW  proper  have  been  obtained.  The  effective  width  due  to  the  azimuthal 
angle  variation  along  the  DW  normal  was  found  to  increase  with  increasing  transverse  field. 
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I.  INTRODUCTION 

Structure  of  the  180°  DW  in  a  uniaxial  ferromagnet  un¬ 
der  the  influence  of  external  magnetic  field  normal  to  the 
anisotropy  axis  (the  transverse  field)  has  been  already  ana¬ 
lyzed  in  a  number  of  papers1-7  (see  Ref.  2  for  a  review).  As 
a  rule,  one  usually  describes  the  structure  of  the  one¬ 
dimensional  DW  based  on  the  assumption  that  the  azimuthal 
angle  of  the  magnetization  does  not  depend  on  the  coordinate 
normal  to  the  DW  plane.2  The  only  successful  attempt  which 
has  taken  into  account  the  coordinate  dependence  of  the  azi¬ 
muthal  angle  of  magnetization  was  given  in  Ref.  8.  This 
paper  treated  the  case  of  the  one-dimensional  DW  moving  at 
a  low  velocity. 

It  was  recently  shown  that  new  types  of  one-dimensional 
solutions  of  the  system  of  equations  for  the  polar  and  azi¬ 
muthal  angles  of  the  magnetization  M=M{sin  tfcos  <p, 
sin  ft  sin  cp,  cos  #}  which  describes  the  distribution  of  mag¬ 
netic  moment  inside  the  DW  can  be  obtained  in  the  case 
when  the  transverse  field  is  arbitrarily  oriented  with  respect 
to  the  DW  plane.6  This  new  solution  for  the  magnetization 
azimuthal  angle  is  a  function  of  the  transverse  field  and  of 
the  coordinate  normal  to  the  plane  of  the  DW.  The  solution 
was  shown  to  yield  lower  value  of  the  DW  energy  in  com¬ 
parison  with  the  one  in  which  the  value  of  the  azimuthal 
angle  was  assumed  to  be  constant  inside  the  DW.6 

The  purpose  of  the  present  paper  is  devoted  to  a  detailed 
further  analysis  of  the  structural  dependence  of  the  new  so¬ 
lutions  of  both  the  polar  and  azimuthal  angle  of  the  magne¬ 
tization  inside  the  one-dimensional  DW.  The  dependence  of 
the  new  solution  on  both  the  coordinate  normal  to  the  DW 
plane  and  the  external  field  normal  to  the  anisotropy  axis 
arbitrarily  oriented  with  respect  to  the  DW  plane  will  be 
thoroughly  investigated. 

II.  EQUATIONS  AND  METHOD  OF  SOLUTION 

Consider  a  uniaxial  ferromagnet  with  the  anisotropy  axis 
oriented  along  the  z  axis  of  the  coordinate  frame.  For  conve- 


a)Current  address:  Dept,  of  Physics,  National  Taiwan  Normal  Univ.,  Taipei 
117,  ROC.  Permanent  address:  Institute  for  Single  Crystals  of  the  Academy 
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nience  the  DW  is  assumed  to  be  pinned  throughout  the  in¬ 
vestigation  and  the  wall  plane  is  chosen  to  coincide  with  the 
x  ~~z  plane.  The  orientation  of  the  external  field  normal  to  the 
anisotropy  axis  is  described  by  the  azimuthal  angle  ipH  of  the 
field  with  respect  to  the  x  axis  H=/z(cos  ipH,  sin  ipH,  0).  In 
the  frames  of  the  uniaxial  ferromagnet  model  we  shall  con¬ 
sider  the  so-called  uncharged  domain  walls.  The  last  means 
that  the  demagnetization  part  of  the  DW  energy  density  can 
be  written  as  follows:2 


wm  =  27rM2A5(sin  ft  sin  <p~/x)2.  (1) 

Here  4 ttM  is  the  saturation  magnetization;  A b=\]A/K  is  the 
Bloch  wall  width  parameter;  K  is  the  uniaxial  anisotropy 
constant,  A  is  the  exchange  stiffness  constant,  the  parameter 
/x  in  (1)  is  determined  by  the  value  of  the  normal  component 
of  the  magnetization  which  exists  inside  domains  in  the  pres¬ 
ence  of  the  transverse  field,  that  is,  pt-sin  ft0  sin  if/H ,  where 
#0  is  the  magnetization  polar  angle  inside  the  domain. 

The  dimensionless  energy  density  for  the  DW  in  a 
uniaxial  ferromagnet  may  be  written  as  follows:1,2 


wDW= 


WDW 

4ak 


sin2  xl+sin2  ft 


+  e(sin  ft  sin  9  — /x)2  — 2/z  sin)  ft  cos (9 


'P h )}>  ® 

where  £=y/A5  ;ftr=  dftfd^cp' ^d(p/d^e~Q~l\  the  ma¬ 
terial  quality  factor  Q  =  HKl4irM{HK=2KIM)\h  =  HIHK  is 
the  reduced  transverse  field. 

The  system  of  equations  from  which  the  distribution  of 
the  magnetization  inside  the  DW  may  be  obtained  has  the 
form1-3 

$"-sin  ft  cos  ft(l  +  (pr2+  €  sin2  9 

+  6/x  cos  ft  sin  9  + sin  ft0  cos  ft  co$(cp- ifH)  =  0,  (3) 


(sin2  ftcp')'  —  e( sin  ft  sin  cp  —  fi) sin  ft  cos  9 

-sin  ft0  sin  ft  sin( <p -  if/H)  =  0.  (4) 

The  polar  angle  of  the  magnetization  inside  quit  is  deter¬ 
mined  by  the  relation  sin  ft0=h,  a  condition  which  has  been 
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properly  taken  care  of  in  writing  down  Eqs.  (3)  and  (4).  The 
boundary  conditions  for  the  solutions  describing  the  varia¬ 
tion  of  the  angles  inside  the  DW  have  been  chosen  as  fol¬ 
lows: 


0(0 =*(£;*.*«)= 


00. 

V-  00. 


*  ~ 00 


0'(£;A.X»)->O,  at 


=  =  £  > ± 00 ; 

at  ^-+±°°.  (5) 

The  system  of  Eqs.  (3)  and  (4)  along  with  the  boundary 
conditions  (5)  has  been  solved  numerically  using  the  adap¬ 
tive  Runge-Kutta-Fehlberg  method.9  The  interval  of  the 
variation  of  the  coordinate  £  was  chosen  to  be  equal  to 
—  15^^15.  The  step  of  the  £  variation  was  adjusted  auto¬ 
matically.  We  have  obtained  the  set  of  dependences  for  #(£) 
and  cp(g)  for  several  orientation  values  of  the  azimuthal  angle 
of  the  external  field  ipH= 30°,  35°,  40°,  45°,  50°,  60°,  70°, 
80°,  and  90°  and  for  several  values  of  the  reduced  transverse 
field  h-0.01,  0.05,  0.1,  0.2,  and  0.25.  The  characteristic 
value  of  the  material  quality  factor  Q  was  chosen  to  be  equal 
to  <2=2.0  for  easy  convenience  of  making  comparison  with 
the  results  obtained  in  Refs.  6  and  7  where  a  slightly  differ¬ 
ent  method  of  numerical  solution  of  the  system  of  Eqs.  (3) 
and  (4)  has  been  used. 


ill.  ANALYSIS  OF  RESULTS 

The  dependence  of  the  azimuthal  angle  of  magnetization 
on  the  coordinate  normal  to  the  DW,  £,  has  the  following 
form:  ipH)  =  ifjH~  where  0 

at  ►  ±oo.  Such  a  form  of  dependence  may  be  easily  under¬ 
stood  as  follows.  The  external  magnetic  field  applied  at 
an  angle  with  respect  to  the  DW  plane  produces  a  devia¬ 
tion  in  the  orientation  of  the  magnetization  inside  the  DW 
which  in  turn  leads  to  an  increase  of  the  demagnetization 
energy.  The  type  of  solution  for  the  azimuthal  angle 
if/H~  provides,  first,  the  fulfillment 

of  the  condition  that  the  DW  is  uncharged  and,  second,  it 
diminishes  the  increase  of  the  energy  of  the  DW.  This  is  the 
reason  why  the  energy  of  the  DW  with  the  coordinate  depen¬ 
dent  azimuthal  angle  is  always  lower  than  the  energy  of  the 
DW  with  the  constant  azimuthal  angle  cp=ij/H.6  The  depen¬ 
dence  (p(£;h,  if/H)  for  the  case  of  ^H~ 30°  for  several  values 
of  transverse  field  h  is  given  in  Fig.  1.  Clearly,  it  is  seen  that 
the  maximum  value  of  deviation  of  the  magnetization  inside 
the  DW  from  the  orientation  of  the  transverse  field  located  at 
the  center  of  the  DW  decreases  with  increasing  transverse 
field.  The  dependences  of  for  other  orientations  of  the 
transverse  field  are  similar  to  the  ones  given  in  Fig.  1.  The 
only  difference  is  that  at  4^=90°  the  function  tf/(i;;h,if/H) 
becomes  identically  equal  to  zero  at  h= 0.225.6  This  circum¬ 
stance  is  a  reflection  of  the  fact  that  a  phase  transition  from 
the  quasi-Bloch  wall  to  the  Neel  one  has  taken  place  at  the 
value  of  the  reduced  field  h= 0.225  when  the  latter  is  ori¬ 
ented  along  the  normal  to  the  DW.2,6 


? 


FIG.  1 .  Variation  of  the  magnetization  azimuthal  angle  <p(Q  along  the  coor¬ 
dinate  £  normal  to  the  DW  plane  at  ij/H= 30°  and  h= 0.01,  0.02,  0.1,  0.2,  and 
0.25  (from  bottom  to  top). 


Using  the  definition  of  the  effective  DW  width  of  the 
distribution  of  the  magnetization  angle  inside  the  DW  as 
given  in  Ref.  10,  we  have  analyzed  the  transverse  field  de¬ 
pendences  of  the  effective  widths  of  the  distributions  of  both 
the  polar  and  azimuthal  angles  of  the  magnetization  for  our 
solutions  of  the  system  of  Eqs.  (3)  and  (4).  The  effective 
width  of  the  distribution  of  the  azimuthal  angle  of  the  mag¬ 
netization,  A ^(h^if/n),  was  found  to  decrease  with  increasing 
transverse  field  in  the  region  of  the  reduced  fields 
0</z ^0.4-^- 0.5  and  then  it  increases,  and  tends  to  infinity  as 
h— >1  when  the  remagnetization  of  the  sample  takes  place 
and  it  becomes  homogeneously  magnetized.  The  transverse 
field  dependences  of  the  effective  width  of  the  magnetization 
azimuthal  angle  distributions,  for  several  orienta¬ 

tions  of  the  transverse  field  are  given  in  Fig.  2.  Note  that  the 
curve  for  ifjH= 90°  is  truncated  at  /i=0.225  as  remarked 
above. 

It  is  interesting  to  compare  the  transverse  field  depen¬ 
dences  of  the  effective  widths  of  the  distributions  of  the  polar 
and  azimuthal  angles  inside  the  DW.  Our  analysis  of  the 
polar  angle  distributions  inside  the  DW  for  different  orienta¬ 
tions  of  the  transverse  field  showed  that  this  distribution  de¬ 
pends  weakly  on  the  transverse  field  orientation.7  Another 
result  obtained  in  Ref.  7  was  that  the  numerical  solutions  of 
the  system  of  Eqs.  (3)  and  (4)  for  the  polar  magnetization 
angle  do  not  deviate  much  from  the  dependence  of 


sin  il(£)  =  sin  #0  + 


cos2 

cosh  u  4-  sin  #0  * 


Note  that  the  above  expression  represents  the  analytical  so¬ 
lution  of  the  system  obtained  under  the  approximation 
c p=if/H  inside  the  DW.2  In  this  expression  u 
=  £  cos  tf0Vl  +  e  sin2  if/H.  According  to  Ref.  10,  the  effec¬ 
tive  width  A $(h)  of  the  polar  angle  distribution  described  by 
the  above  formula  is  determined  by  the  expression 
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FIG.  2.  The  transverse  field  dependences  of  the  effective  width  of  the  dis¬ 
tribution  of  the  azimuthal  magnetization  angle  inside  the  DW,  A^(/i),  for  the 
orientations  of  the  transverse  field  ^#=45°,  60°,  and  90°. 

A1?(/z)  =  7rAjg[cos  #0Vl  +  e  sin2  (6) 

It  is  easy  to  see  from  (6)  that  A  #(h),  increases  monotonically 
with  increasing  reduced  transverse  field  and,  tends  to  infinity 
as  h  approaches  to  unity.  The  transverse  field  dependences  of 
the  numerically  obtained  effective  width  of  the  polar  angle 
distribution  and  the  one  calculated  directly  from  formula  (6) 
are  presented  in  Fig.  3.  One  can  easily  see  from  this  figure 
that  the  analytical  expression  (6)  gives  a  little  bit  larger  val¬ 
ues  of  the  effective  width  in  the  region  of  small  values  of  the 
transverse  field  but  approaches  the  numerical  results  when 
the  values  of  the  transverse  field  approaches  unity. 

Comparing  the  dependences  given  in  Figs.  2  and  3,  it  is 
clear  that  the  dependence  of  the  effective  width  of  the  azi¬ 
muthal  magnetization  angle  A 9(h),  is  different  from  that  of 
polar  angle,  A $(h),  and  that  the  absolute  value  of  the  effec¬ 
tive  width  for  the  azimuthal  angle  distribution  is  always 
greater  than  that  of  the  polar  angle. 


FIG.  3.  Comparison  of  the  dependence  of  the  effective  widths  of  the  distri¬ 
bution  of  the  polar  angles,  A #(h),  on  the  transverse  field  h  at  if/H= 45°.  Solid 
line:  numerical  result  obtained  from  solving  the  system  of  Eqs.  (3)  and  (4); 
dashed  line:  analytical  result  obtained  directly  from  (6). 
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Magnetic  force  microscopy  (MFM)  is  a  powerful  technique  that  has  gained  wide  acceptance  in  the 
imaging  of  magnetization  patterns.  However,  MFM  images  are  “raw”  images,  and  they  are  not 
necessarily  identical  to  the  original  images  of  the  magnetization  patterns.  In  an  attempt  to 
investigate  the  relationship  between  the  raw  images  and  the  magnetization  patterns,  we  present  a 
theoretical  analysis  of  the  MFM  images  through  numerical  computations.  In  this  way,  we  show  the 
dependence  of  the  images  on  both  the  orientation  of  the  probe’s  magnetic  moment  and  the 
interaction  between  the  probe  moment  and  the  sample  magnetic  fields.  For  a  pure  sinusoidal 
magnetization  pattern,  a  vertical  orientation  of  the  MFM  probe’s  magnetic  moment  will  yield 
images  that  follow  the  magnetic  charge  density  distribution,  while  a  horizontal  orientation  of  the 
probe  will  yield  MFM  images  that  follow  the  magnetization  patterns  themselves.  We  investigate  the 
deviation  from  this  correlation  between  the  images  and  the  magnetization  distribution  when 
magnetization  patterns  are  not  purely  sinusoidal.  Computations  are  performed  for  periodic  patterns 
with  linear  and  arctangent  transitions.  To  model  the  interaction  of  the  tip  with  the  sample’s  magnetic 
fields,  we  model  the  tip  as  a  Stoner- Wohlfarth  particle.  This  allows  us  to  investigate  how  the 
tip-sample  interaction  may  distort  the  MFM  image.  Our  modeling  suggests  that  in  general  there  is 
no  direct  correlation  between  the  raw  MFM  image  and  the  actual  magnetization  distribution.  This 
makes  a  strong  case  for  the  implementation  of  image  reconstruction  techniques.  ©  1996  American 
Institute  of  Physics.  [S002 1  - 8979 (96)6 1 008-8] 
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Magnetic  force  microscope  study  of  domain  wall  structures  in  magnetite 
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Domain  walls  (DW)  in  a  small  multidomain  grain  («20  pan)  of  magnetite  (Fe304)  exhibiting  a 
planar  domain  pattern  were  studied  using  a  magnetic  force  microscope  (MFM).  Most  walls  were 
subdivided  with  one  or  two  Bloch  lines  and  all  walls  displayed  asymmetric  MFM  responses. 

Domain  walls  were  observed  to  have  small  offsets  either  at  the  location  of  Bloch  lines  or  at  other 
locations  without  Bloch  lines.  The  experimental  data  were  described  by  a  model  in  which  (1)  the 
easy  axis  of  magnetization  is  not  exactly  parallel  to  the  grain  surface  but  is  slightly  inclined,  and  (2) 
there  is  also  some  plane  dividing  the  grain  in  two  parts  with  slightly  different  inclined  easy  axis 
directions.  The  inclined  easy  axis  produces  asymmetric  spin  distributions  across  the  DW  and  wall 
offsets  occur  to  reduce  the  surface  magnetostatic  energy  of  the  wall.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)54908-7] 


I.  INTRODUCTION 

The  internal  structure  of  domain  walls  (DW)  between 
two  domains  with  antiparallel  magnetization  has  been  inten¬ 
sively  investigated  both  experimentally  and  theoretically.1-11 
A  variety  of  micromagnetic  structures  of  domain  walls  in 
thin  films  and  bulk  materials  have  been  observed  and  pre¬ 
dicted  including  (1)  domain  walls  with  asymmetric  spin  dis¬ 
tributions  across  the  wall  due  to  Neel-like  structures  called 
Neel  caps  terminating  interior  Block  walls  at  surfaces,  and 
(2)  vortex-like  spin  distributions  in  Bloch  lines  separating 
opposite  polarity  wall  segments.1-5  High  spatial  resolution 
imaging  of  micromagnetic  structures  using  magnetic  force 
microscopy  provides  experimental  data  on  the  structure  of 
domain  walls  which  can  be  used  to  test  predictions  of  micro- 
magnetic  models.8-10 

Magnetite  is  a  ferrimagnetic  oxide  that  occurs  as  a  trace 
mineral  in  continental  and  ocean  rocks.  The  magnetic 
memory  in  rocks  of  the  ancient  geomagnetic  field  is  carried 
by  the  remanent  magnetization  of  magnetite  particles  less 
than  50  pcm  in  size.12  The  term  pseudo-single  domain  (PSD) 
describes  magnetic  behavior  that  is  intermediate  between 
classical  single  domain  (SD)  and  multidomain  (MD)  behav¬ 
ior  and  is  usually  attributed  to  particles  containing  just  a  few 
(<10)  domains.  The  physics  of  PSD  behavior  plays  a  central 
role  in  paleomagnetism  because  most  magnetic  oxide  grains 
in  rocks  are  too  large  to  be  in  an  equilibrium  SD  state  (<0. 1 
/mm)  and  contain  domains,  yet  can  carry  geologically  stable 
remanence.  In  this  paper  we  present  results  of  a  magnetic 
force  microscope  (MFM)  study  of  domain  wall  structures  in 
a  small  grain  of  magnetite  containing  a  few  domains. 

II.  EXPERIMENTAL  METHODS 

Small  grains  (5-50  pan)  of  magnetite  (Fe304),  randomly 
oriented  and  dispersed  in  nonmagnetic  matrix,  were  pro¬ 
duced  by  the  glass-ceramic  method.13  The  sample  was 
mounted  in  epoxy  and  mechanically  polished  with  diamond 
compounds.  Amorphous  silica  solution  was  used  as  a  final 
polish  to  obtain  a  smooth  surface  and  to  reduce  the 
strained  surface  layer  produced  during  the  initial  me¬ 
chanical  polishing.14  The  bulk  coercive  force  of  the  sample 
was  15  Oe. 


Magnetic  force  images  were  obtained  with  a  Nanoscope 
III  scanning  probe  microscope.  The  microscope  was  operated 
in  the  “tapping/lift”  scanning  mode,15  which  combines  con¬ 
stant  interaction  and  constant  height  modes,  to  separate 
topographic  and  magnetic  signals.  The  scanned  probes  were 
batch  fabricated  Si  cantilevers  with  pyramidal  tips  coated 
with  a  CoCr  film  alloy.15  All  MFM  data  shown  in  this  paper 
were  collected  with  the  tip  magnetized  approximately  per¬ 
pendicular  to  the  sample  surface  (z  direction),  making  the 
MFM  sensitive  to  the  second  derivative  of  the  z  component 
of  sample  stray  field.  To  exclude  any  influence  of  the  MFM 
tip  on  the  sample  micromagnetic  structure,  images  were 
taken  with  various  tip-sample  orientations  and  tip-sample 
separations.  Under  these  experimental  conditions  we  did  not 
observe  any  noticeable  modifications  of  micromagnetic  fea¬ 
tures  during  MFM  scanning.  All  MFM  images  presented  in 
this  paper  were  obtained  with  tip  sample  separation  of  50  nm 
and  tip  vibration  amplitude  of  20-30  nm.  The  drive  fre¬ 
quency  of  cantilever  was  chosen  above  the  resonance  fre¬ 
quency  of  the  cantilever  near  the  point  of  maximum  gradient 
of  the  cantilever  resonance  curve. 

III.  RESULTS 

We  concentrated  our  MFM  study  on  a  20  pan  grain  ex¬ 
hibiting  a  simple  planar  domain  structure.  Although  the  crys¬ 
tallographic  orientation  of  the  grain  surface  was  unknown, 
the  simple  domain  pattern  suggested  that  the  direction  of 
magnetization  within  the  domains  was  approximately  paral¬ 
lel  to  the  surface  of  the  grain.  Domain  walls  in  this  grain 
were  approximately  parallel  to  each  other  with  domain  spac¬ 
ing  of  2-3  pan  (Fig.  1).  The  FWHMs  of  the  MFM  response 
profiles  across  the  walls  were  about  200  nm  which  is  slightly 
wider  than  the  theoretical  Bloch  wall  width  in  bulk  magnetite 
(100-150  nm),16  but  similar  to  MFM  results  obtained  for  a 
large  single  crystal  of  magnetite.10  Surface  broadening  of  the 
DW  can  result  from  the  self-demagnetizing  field  acting  on 
the  DW  near  the  grain  surface  resulting  in,  for  instance,  a 
Neel  cap.  However,  some  broadening  of  the  MFM  response 
is  expected  due  to  the  integrated  effect  over  the  tip.  Some 
walls  were  subdivided  into  alternating  chirality  segments 
separated  by  Bloch  lines.  The  smallest  observed  distance  be¬ 
tween  Bloch  lines  was  *=T  pan. 
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FIG.  1.  MFM  image  of  domain  walls  in  a  magnetite  grain  and  MFM  re¬ 
sponse  profiles  along  the  domains  at  lines  B  and  C.  Features  marked  as  S  are 
stray  fields  from  scratches. 


We  found  several  interesting  spin  features  associated 
with  domain  walls.  Small  offsets  of  the  DW  were  observed 
in  some  walls  at  the  location  of  Bloch  lines  [Fig.  2(c)], 
whereas  other  walls  had  offsets  without  an  accompanying 
Bloch  line  [Fig.  2(a)].  The  size  of  these  offsets  varied  be¬ 
tween  30  and  50  nm.  The  MFM  response  profiles  across 
these  walls  were  asymmetric.  Moreover,  the  MFM  profiles  A 
taken  on  one  side  of  DW  offset  point  can  be  transformed  into 
profiles  B  taken  on  the  opposite  side  of  the  offset  using  axi¬ 
ally  symmetric  [Figs.  2(a)  and  2(b)]  or  centrally  symmetric 
transformations  [Fig.  2(c)].  We  also  observed  a  change  of  the 
MFM  response  within  the  domains.  For  example,  in  Fig.  1, 
the  MFM  response  changes  when  the  MFM  tip  crosses  line 
A -A  and  the  sign  of  the  change  is  opposite  in  neighboring 
domains  resulting  in  checkerboard  contrast  pattern.  This  is 
seen  more  clearly  in  Fig.  2  which  shows  higher-resolution 
image  scans  of  the  walls  labeled  DW  I,  DW  II,  and  DW  III  in 
Fig.  1 .  Here,  there  is  a  change  in  the  MFM  response  within 
the  domains  across  the  wall  offset  associated  with  DW  III 
[Fig.  2(a)]  and  the  Bloch  line  in  DW  II  [Fig.  2(b)],  but  no 
change  in  MFM  response  associated  with  the  offset  at  the 
location  of  the  Bloch  line  in  DW  I  [Fig.  2(c)]. 

IV.  DISCUSSION 

To  explain  our  experimental  data  (DW  offsets  and  asym¬ 
metric  MFM  profiles),  we  proposed  the  following  simple 
model  depicted  in  Figs.  3  and  4.  We  assumed  that  (1)  the 
easy  axis  of  magnetization  is  not  in  the  plane  of  the  grain 
surface  but  is  slightly  inclined  and  that  the  direction  of  mag¬ 
netization  inside  the  domains  is  parallel  to  the  easy  axis;  and 
(2)  a  plane  intersecting  the  domain  walls  divides  the  grain  in 


FIG.  2.  MFM  images  of  three  walls  in  Fig.  1,  DW  I,  DW  II,  and  DW  III  and 
MFM  response  profiles  across  the  domain  walls  at  lines  A  and  B.  The  size  of 
all  images  is  3X2  /im.  (a)  DW  without  a  Bloch  line;  easy  axis  of  magneti¬ 
zation  has  different  directions  on  different  sides  of  the  DW  offset  point,  (b) 
DW  with  a  Bloch  line;  easy  axis  has  different  directions  on  different  sides  of 
the  Bloch  line,  (c)  DW  with  a  Bloch  line;  easy  axis  has  the  same  direction 
on  different  sides  of  the  Bloch  lines. 


two  parts  with  slightly  different  inclined  easy  axis  directions 
(Fig.  4).  Under  these  conditions,  the  magnetization  in  each 
domain  will  have  a  small  component  perpendicular  to  the 
surface.  Within  the  same  domain,  this  component  is  directed 
out  of  (into)  the  surface  on  one  side  of  the  dividing  plane  and 
directed  into  (out  of)  the  surface  on  the  opposite  side  of  the 
plane.  The  inclined  easy  axis  relative  to  the  sample  surface 
produces  the  observed  asymmetric  spin  distribution  across 
the  DW.  This  hypothesis  is  consistent  with  the  observed 
change  of  MFM  response  within  the  domains  (i.e.,  the 
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FIG.  3.  Distribution  of  magnetic  moments  across  a  Bloch  domain  wall 
where  (a)  the  easy  axis  is  in  the  plane  of  the  surface;  and  (b)  the  easy  axis 
makes  a  small  angle  with  the  surface.  The  MFM  response  across  the  wall 
would  be  symmetric  for  (a)  and  asymmetric  for  (b). 

checkerboard  pattern  in  Fig.  1).  Such  a  change  of  easy  axis 
direction  can  result  from  residual  surface  stress,  or  from  the 
formation  of  subgrain  or  twin  boundaries  during  crystalliza¬ 
tion  which  divides  the  grain  in  two  parts  with  slightly  differ¬ 
ent  crystallographic  orientations. 

Spin  distributions  across  a  Bloch  wall  when  the  easy 
axes  are  in  plane  or  inclined  are  presented  in  Figs.  3(a)  and 
3(b),  respectively.  For  the  DW  shown  in  Fig.  3(b),  the  area  of 
the  wall  with  magnetization  perpendicular  to  the  surface  is 
shifted  toward  one  side  of  the  wall,  while  near  the  other  side 
of  the  wall,  there  is  an  area  in  which  the  direction  of  mag¬ 
netization  is  parallel  to  the  surface.  The  magnetostatic  energy 
of  a  DW  crossing  an  area  where  the  easy  axis  changes  direc¬ 
tion  is  reduced  if  the  DW  is  offset  and  “in-plane”  spins  in 
the  DW  on  both  sides  of  this  area  follow  the  magnetization 
in  the  adjacent  domains  [Fig.  4(a)].  The  stray  field  distribu¬ 
tion  above  the  DW  on  both  sides  of  wall  offset  point  would 
be  asymmetric  as  shown  in  Fig.  4(a).  These  model  field  dis¬ 
tributions  are  qualitatively  similar  to  the  MFM  response  pro¬ 
files  in  Fig.  2(a).  Similarly,  it  follows  that  (1)  a  DW  offset  is 
magnetostatically  favorable  at  the  location  of  Bloch  line 
when  the  easy  axis  is  inclined,  but  does  not  change  its  direc¬ 
tion  at  the  Bloch  line  [Fig.  4(c)];  and  (2)  no  DW  offset 
should  occur  at  the  location  of  a  Bloch  line  if  it  happens  to 
be  located  in  the  plane  where  the  easy  axis  changes  direction 
[Fig.  4(b)].  The  MFM  images  of  domain  walls  with  Bloch 
lines  in  Figs.  2(b)  and  2(c)  agree  with  this  simple  interpreta¬ 
tion.  This  model  also  explains  the  symmetry  relationships 
exhibited  by  the  MFM  response  profiles  on  opposite  sides  of 
offset  points  (Fig.  2).  Using  the  model  and  measured  wall 
offsets,  the  angle  of  the  inclined  magnetization  within  the 
domains  with  respect  to  the  surface  of  the  grain  was  calcu¬ 
lated  to  be  approximately  20°. 
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FIG.  4.  Schematic  drawing  of  an  asymmetric  Bloch  DW.  In  (a)  the  DW  has 
an  offset  but  no  Bloch  line.  The  easy  axis  of  magnetization  has  different 
directions  on  different  sides  of  the  DW  offset  point.  In  (b)  the  DW  has  a 
Bloch  line  but  no  offset.  The  easy  axis  has  different  directions  on  different 
sides  of  the  Bloch  line.  In  (c)  the  DW  has  both  a  Bloch  line  and  an  offset. 
The  easy  axis  has  the  same  direction  on  different  sides  of  the  Bloch  line. 
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We  have  built  a  scanning  probe  microscope  where  a  magnetoresistive  (MR)  head  is  used  as  the 
sensing  element.  The  sensor  region  of  the  MR  head  is  about  5  /xm  wide  and  30  nm  thick  giving  high 
resolution  in  one  direction  and  poor  resolution  in  the  other.  As  MR  heads  with  smaller  cross-track 
dimensions  are  developed,  submicron  resolution  in  this  direction  should  also  be  realizable.  The  MR 
head  is  mounted  on  a  piezoelectric  bimorph  and  vibrated  perpendicular  to  the  plane  of  the  sample, 
and  the  ac  voltage  output  of  the  head  is  detected  with  a  lock-in  amplifier.  We  have  imaged 
pre-recorded  bits  as  a  function  of  scan  height,  and  also  imaged  bits  that  were  written  using  the  write 
element  of  the  same  MR  head.  The  typical  voltage  change  through  a  transition  is  ~4  /xV,  two  orders 
of  magnitude  smaller  than  signals  generated  on  a  spin  stand.  This  is  most  likely  due  to  the  difficulty 
in  setting  the  slider  parallel  to  within  submilliradian  accuracy  to  the  plane  of  the  sample.  Our 
positioning  system  does  not  have  this  capability  at  this  time.  With  modifications  in  the  positioning 
stage,  this  device  should  provide  a  valuable  tool  for  investigating  the  recording  and  playback 
processes,  and  for  characterizing  media  and  heads  at  ever  decreasing  track  widths,  bit  separations, 
and  flying  heights.  ©  1996  American  Institute  of  Physics.  [S002 1  -8979(96)55008-1] 


I.  INTRODUCTION/MOTIVATION 

In  recent  years,  a  variety  of  scanning  probe  microscopes 
have  been  developed.1  These  instruments  have  the  common 
feature  of  a  probe  that  is  raster  scanned  in  close  proximity  to 
the  surface  of  a  sample.  Magnetic  force  microscopy  (MFM) 
is  one  form  of  scanning  probe  microscopy  useful  for  obtain¬ 
ing  spatially  resolved  information  of  the  magnetic  forces  or 
force  gradients  acting  on  a  magnetic  tip  as  it  is  passed  over 
magnetic  patterns.2  We  have  implemented  another  form  of 
scanning  probe  microscopy  which  can  be  used  to  directly 
image  magnetic  flux  patterns.  We  have  used  a  magnetoresis¬ 
tive  (MR)  head  as  the  probe  which  detects  the  vertical  com¬ 
ponent  of  magnetic  field  passing  through  the  MR  sensor.  The 
sensor  region  of  present  MR  heads  is  typically  a  few  microns 
wide  and  —30  nm  thick  making  such  a  device  capable  of 
imaging  magnetic  structures  with  high  resolution  in  one  di¬ 
mension  and  with  poor  resolution  in  the  other.  As  MR  heads 
with  smaller  cross-track  dimensions  are  developed,  submi¬ 
cron  resolution  in  this  direction  should  also  be  achieved.  One 
application  for  this  device  is  as  a  diagnostic  tool  for  charac¬ 
terizing  magnetic  media  and  conversely,  using  known  mag¬ 
netic  field  patterns  to  characterize  the  MR  head  itself.  Since 
the  playback  signal  generated  by  an  MR  head  is  fundamen¬ 
tally  independent  of  the  relative  speed  between  the  head  and 
media,3  diagnostics  obtained  by  the  scanning  of  an  MR  head 
over  recorded  bits  should  correspond  directly  with  the  MR 
signals  in  a  spin  stand  or  working  disk  drive  device. 

II.  SETUP  AND  PROCEDURE 

The  apparatus  used  is  a  modification  of  a  home-built 
MFM4  where  the  magnetic  probe  (which  in  our  case  is  usu¬ 
ally  an  etched  Ni  wire)  is  replaced  with  an  MR  head.  The 
suspension  arm  of  the  MR  head  is  glued  onto  a  piezoelectric 
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bimorph  (see  Fig.  1).  The  illumination  from  an  optical  fiber 
(coupled  to  a  laser  diode)  is  positioned  incident  on  the  sus¬ 
pension  arm  in  a  location  directly  behind  the  MR  element. 
By  oscillating  the  bimorph  perpendicular  to  the  plane  of  the 
sample  to  be  imaged,  a  time-dependent  interference  pattern 
is  obtained,  allowing  one  to  monitor  the  oscillation  of  the 
MR  head.  The  MR  head  was  typically  oscillated  at  a  fre¬ 
quency,  /=  1.85  kHz,  which  corresponded  to  the  resonant  fre¬ 
quency  of  the  bimorph,  suspension,  and  slider  assembly.  The 
peak-to-peak  vibration  amplitude  of  the  MR  head  perpen¬ 
dicular  to  the  media  was  typically  50  nm.  The  sample  was 
mounted  on  three  mutually  orthogonal  piezoelectric  block 
translators,  which  were  mounted  on  a  mechanical  x,y,z  po¬ 
sitioning  stage.  The  pitch  and  roll  angles  that  the  slider  made 
with  the  sample  were  mechanically  adjusted  so  that  the  slider 
was  approximately  parallel  to  the  disk  (to  less  than  1°). 
When  the  slider  just  makes  contact  with  the  disk,  the  ampli¬ 
tude  of  the  interference  pattern  starts  to  damp  out  and  then, 
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FIG.  1.  The  experimental  setup.  An  ac  voltage  is  applied  to  the  bimorph 
causing  the  MR  head  to  vibrate  in  the  z  direction.  The  sample  is  scanned  in 
the  xy  plane. 
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FIG.  2.  MFM  image  of  bits.  Scan  dimensions  are  14X14  fx m. 

when  complete  contact  is  made,  disappears  altogether.  Con¬ 
tact  was  made  with  the  sample  at  three  points  defining  the 
sample  plane.  The  sample  was  then  backed  away  from  the 
slider  a  fixed  distance,  and  raster  scanned  in  a  plane  parallel 
to  the  defined  sample  plane.  The  MR  voltage  was  fed  into  a 
lock-in  amplifier  with  the  signal  driving  the  bimorph  used  as 
the  reference.  The  dc  output  of  the  lock-in  was  recorded  as  a 
function  of  the  coordinate  position  of  the  head  with  respect 
to  the  plane  of  the  disk. 

III.  IMAGING  OF  BITS 

Bits  were  prerecorded  on  a  commercial  hard  disk  platter 
with  transitions  of  alternating  polarities.  The  recorded  mag¬ 
netization  patterns  were  first  imaged  by  MFM  (Fig.  2).  The 
bimorph  with  the  MFM  etched  Ni  tip  was  then  removed  and 
replaced  with  one  having  an  MR  head  mounted  on  it.  Figure 
3  is  an  image  obtained  by  scanning  the  MR  head  over  bits 
written  on  the  same  disk  (with  the  same  head)  as  those  im¬ 
aged  by  MFM.  Because  the  track  width  of  the  recorded  bits 
are  about  twice  that  of  the  MR  element,  the  signal  is  stron¬ 
gest  in  the  central  5  jam  of  the  track  and  falls  off  uniformly 
toward  the  edges  of  the  track  (see  Fig.  4).  We  initially  tried 
to  image  the  recorded  patterns  without  oscillating  the  MR 


FIG.  3.  Bits  written  on  same  disk  as  those  in  Fig.  2  with  the  same  head  but 
with  somewhat  lower  frequency,  as  imaged  by  scanning  an  MR  head.  The 
MR  head  peak-to-peak  amplitude  of  vibration  is  50  nm  and  the  slider-to- 
disk  distance  is  250  nm.  Scan  dimensions  are  20X20  ^m. 
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FIG.  4.  Cross-track  section  taken  through  one  of  the  bits  in  Fig.  3.  The 
diagram  above  illustrates  the  expected  MR  voltage  profile  for  an  element 
width  of  5  and  a  track  width  of  10  mjx.  Amplitude  of  MR  voltage  is 
given  in  arbitrary  units. 

head  (i.e.,  without  lock-in  detection)  but  found  insufficient 
signal  to  noise  to  detect  the  transitions.  The  peak-to-peak 
change  in  MR  voltage  amplitude  between  transitions  of  op¬ 
posite  polarity  was  approximately  4  jaV  when  the  slider  was 
backed  away  —100  nm  from  the  hard  disk  platter  and  vi¬ 
brated  with  a  peak-to-peak  amplitude  of  50  nm.  In  Fig.  5,  the 
data  of  MR  voltage  change  as  a  function  of  d ,  the  distance 
between  the  slider  and  disk  is  shown.  The  data  give  a  good 
fit  to  the  form  expected  for  square  wave  recording, 


FIG.  5.  Change  in  amplitude  of  MR  head  voltage  between  bits  of  opposite 
polarity  vs  distance  to  disk  peak  to  peak.  Amplitude  of  vibration  of  head:  50 
nm, /=1.85  kHz.  Data  are  fit  to  the  Wallace  spacing  loss  formula,  where 
\=4.2  is  the  measured  wavelength  of  the  bits  imaged. 
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FIG.  6.  Image  of  bits  recorded  with  the  write  element  of  the  MR  head  and 
subsequently  imaged  by  scanning  the  MR  read  element.  Slider  was  just  in 
contact  during  the  record  process.  Imaging  was  done  with  a  slider  to  disk 
distance  of  250  nm,  pp.  Amplitude  of  vibration  of  head  100  nm,  /=1.85 
kHz.  Scan  dimensions  are  20X20  fxm. 

V=V0  exp(-27rd/M,  where  V0  is  the  voltage  at  d0,  the 
distance  from  which  d  is  measured.5  We  have  used  X=4.2 
/xm  (as  measured  from  the  data  in  Fig.  3). 

IV.  WRITING  TRANSITIONS 

The  MR  head  has  an  inductive  write  element  which  we 
used  to  write  bits  on  a  nonrecorded  region  of  the  hard  disk 
platter.  The  procedure  for  writing  bits  was  as  follows: 

(a)  The  slider  was  approached  to  the  platter  until  contact 
was  made  and  then  backed  up  a  set  distance  away. 

(b)  A  forward  dc  current  of  40  mA  was  applied  to  the 
write  head.  The  platter  was  then  translated  2  /xm  in  the  re¬ 
cording  direction. 

(c)  A  reverse  dc  current  of  40  mA  was  applied  to  the 
write  head.  The  platter  was  then  translated  another  2  /xm  in 
the  recording  direction. 

(d)  Steps  b  and  c  were  repeated  several  times.  The  cur¬ 
rent  was  then  turned  off. 

Figure  6  shows  an  image  taken  of  bits  written  with  the 
slider  just  in  contact  with  the  disk.  The  scan  was  made  with 
the  slider  backed  up  about  250  nm  from  the  surface  and  with 
a  peak-to-peak  oscillation  amplitude  of  —100  nm.  Bits  were 
written  at  different  recording  heights  and  subsequently  im¬ 
aged  at  the  same  scan  height  of  —250  nm.  The  decrease  in 
peak-to-peak  change  in  MR  voltage  as  a  function  of  record 
height  is  given  in  Fig.  7. 

V.  CONCLUSION 

We  report  the  implementation  of  a  scanning  microscope 
using  an  MR  head  as  the  scanning  probe.  As  previously  men¬ 
tioned,  the  signal  was  too  weak  to  image  bits  without  oscil¬ 
lating  the  MR  head  and  using  lock-in  direction.  In  an  actual 
disk  drive,  the  aerodynamic  design  of  the  slider  maintains  it 
very  nearly  parallel  to  the  disk  with  pitch  and  roll  angles 
smaller  than  100-200  /xrad  and  10  /xrad,  respectively.  These 
angles  are  critical  because  if  the  pitch  angle  is  only  one  de¬ 
gree  when  contact  occurs,  the  MR  sensitive  element  will  still 
be  backed  almost  a  half  micron  away  from  the  disk  surface. 


FIG.  7.  Change  in  amplitude  of  MR  head  voltage  between  bits  of  opposite 
polarity  vs  record  height.  The  slider  to  disk  distance  is  250  nm,  peak-to- 
peak.  Amplitude  of  vibration  of  head  100  nm, /=1.85  kHz. 

This  is  because  the  MR  element  on  this  head  is  followed  by 
a  midshield  (shared  by  the  read  and  write  elements),  a  write 
gap,  a  write  pole,  and  an  overcoat  with  a  thickness  of  ap¬ 
proximately  25  /xm.  The  constraint  on  the  roll  angle  is  even 
more  demanding  since  the  slider  rail  has  a  width  of  a  few 
tenths  of  millimeters  with  the  MR  element  occupying  only  a 
small  region  near  the  center  of  the  rail.  In  our  initial  setup, 
we  only  had  coarse  mechanical  control  over  the  pitch  and 
roll  angles.  It  is  likely  that  the  slider  was  not  sufficiently  well 
aligned  with  the  disk  and  the  MR  element  was  always  sev¬ 
eral  hundreds  of  nanometers  away  from  the  disk  even  when 
one  edge  or  comer  of  the  slider  was  making  contact  with  the 
disk.  Once  modifications  permitting  fine  adjustments  over 
the  pitch  and  roll  angles  have  been  implemented,  we  should 
be  able  to  align  the  slider  more  nearly  parallel  to  the  disk. 
This  should  allow  for  imaging  without  oscillating  the  MR 
head,  and  should  generate  peak-to-peak  dc  MR  signals  of  a 
few  hundred  microvolts.  These  changes  combined  with  an 
improved  positioning  stage  (with  feedback  control  and  nm 
resolution)  will  provide  a  valuable  tool  for  investigating  the 
recording  and  playback  processes,  and  for  characterizing  me¬ 
dia  and  heads  at  ever  decreasing  track  widths,  bit  separa¬ 
tions,  and  flying  heights. 
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This  paper  reports  the  first  direct  measurements  of  the  deformations  in  the  surface  of  a  ferromagnet 
caused  by  magnetostrictive  lattice  strains  in  neighboring  magnetic  domains.  Observations  of  the 
{011}  and  {112}  surfaces  of  twinned  Terfenol-D  (Tb0  3Dy0  7Fe2)  crystals  by  atomic  force  microscopy 
reveal  the  deformation  domains  previously  imaged  by  optical  microscopy  and  predicted  by  recent 
theory.  The  surface  topography  has  been  imaged  in  the  remanent  and  ac  demagnetized  states  and 
measurements  of  the  deformation  gradients  have  enabled  the  magnetostriction  constant  in  the  (111) 
direction  to  be  estimated  as  1.63  X10”3  to  within  8%.  All  theoretically  predicted  deformation 
domains  have  been  observed  and,  in  particular,  the  exact  compatibility  of  such  deformations  across 
the  growth  twin  boundaries  is  clearly  revealed.  The  magnetic  domains  associated  with  the  observed 
deformations  are  inferred  from  magnetic  force  microscopy  observations  which  yield  complex 
contrast  patterns.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)55 108-8] 


I.  INTRODUCTION 

The  cubic  Laves  phase  compound  Tb03Dy07Fe2 
(Terfenol-D)  exhibits  a  large  magnetostriction  to  anisotropy 
ratio  at  room  temperature,  the  anisotropic  magnetostriction 
resulting  in  significant  rhombohedral  strain  within  magnetic 
domains  when  the  magnetization  is  along  the  (111)  easy 
axes.  Material  grown  by  a  free-standing  zone  (FSZ)  tech¬ 
nique  is  known  to  solidify  via  a  {211}  dendritic  growth  front 
producing  samples  composed  of  dendritic  plates  which  often 
contain  growth  twins,  the  predominant  plate  and  twin  bound¬ 
ary  plane  being  the  {111}  orthogonal  to  the  growth  front.1,2 

The  interactions  between  the  magnetic  domain  structure 
and  both  the  crystallographic  defects  and  the  sample  surfaces 
have  been  the  subject  of  a  number  of  investigations  using 
x-ray  topography,2  optical  differential  interference  contrast 
(DIC)  microscopy,3  magnetic  colloid,4  and  Lorentz  transmis¬ 
sion  electron  microscopy  (TEM).2,5  Such  studied  have  all 
indicated  complex  surface  domain  structures  and  associated 
surface  deformations  which  have  recently  been  the  subject  of 
theoretical  assessment.6  The  application  of  scanning  probe 
microscopy  (SPM)  techniques  to  Terfenol-D  surfaces  has 
yielded  direct  measurements  of  the  deformation  gradients  for 
particular  domain  configurations  and  data  is  presented  here 
which  has  enabled  evaluation  of  the  magnetostrictive  con¬ 
stant. 

II.  EXPERIMENT 

Samples  used  in  this  investigation  were  obtained  from 
8-mm-diam  rods  prepared  by  Edge  Technologies,  Inc.,  by  a 
FSZ  technique.  Surfaces  parallel  to  the  (110)  plane,  orthogo¬ 
nal  to  the  (112)  growth  plane,  and  surface  containing  the 
(112)  plane  were  spark  eroded  from  the  rods  following  align¬ 
ment  using  the  backreflection  x-ray  Laue  technique.  The  sur¬ 
faces  were  polished  down  to  0.25  ft m  diamond  finish  and 
then  lapped  with  Syton.  Atomic  and  magnetic  force  micros¬ 
copy  observations  were  carried  out  using  a  Dimension  3000 
(Digital  Instruments)  SPM  employing  silicon  cantilevers 
with  tips  coated  with  a  CoCr  film.  All  observations  were 
carried  out  at  ambient  temperature  with  the  tip  magnetized 


normally  to  the  specimen  surface.  The  topography  images 
were  obtained  in  the  “tapping”  mode  and  the  magnetic  force 
gradient  images  (hereafter  referred  to  as  MFM  images)  were 
obtained  by  phase  detection  in  the  “interleave”  mode  using  a 
typical  lift  height,  above  the  topography,  of  either  20  or  30 
nm. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  illustrates  the  typical  topographic  features  ob¬ 
served  from  (110)  surfaces  of  samples_in  a  remanent  state 
following  field  application  along  the  [112]  growth  axis  direc¬ 
tion.  Such  images  show  the  chevron-like  contrast  associated 
with  topography  features  interacting  with  the  growth  twin 
boundaries  (TB)  as  previously  observed  by  optical  DIC 
microscopy.3  The  exact  compatibility  of  the  height  changes 
across  the  twin  boundaries  is  clearly  _shown.  The  non¬ 
uniformity  of  the  deformations  in  the  [112]  growth  direction 
is  thought  to  be  associated  with  variation  in  the  Tb/Dy  ratio 
resulting  in  small  changes  in  both  anisotropy,  and  magneto¬ 
striction.  Figure  2  shows  a  three-dimensional  representation 
of  these  data  where  the  angular  nature  of  the  deformations  is 
clearly  illustrated.  An  interpretation  of  the  origin  of  this  sur- 


FIG.  1.  AFM  topographic  (height)  image  of  (110)  surface  showing  surface 
deformations  across  two  twin  boundaries  (TB). 
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FIG.  2.  Three-dimensional  representation  of  Fig.  1  showing  the  angular 
deformations. 

face  relief,  generated  by  internal  stress  relief  at  the  crystal 
surfaces,  is  given  in  Fig.  3(a)_where  (001)  109°  Bloch  walls 
are  shown  intersecting  the  (110)  surface.  Such  walls  lie  par¬ 
allel  to  the  [1 10]  direction  in  this  surface  and  are  consistent 
in  their  geometry  to  the  deformation  domains  of  the  theory 
of  James  and  Kinderlehrer.6  Each  domain  will  magnetostric- 
tively  strain  along  its  (111)  direction  as  depicted  in  Fig.  3(a). 
The  magnitude  of  this  strain  effect  on  the  surface  distortion  a 
is  shown  in  Fig.  3(b)  assuming  a  two-dimensional  simplified 
model.  The  deformation  gradient  a  can  be  related  to  the 
magnetostriction  coefficient  such  that  Xm  —  ^2a/3.  Direct 
measurements  of  a  have  been  made  on  a  large  number  of 
such  topographic  images  from  several  specimens,  in  both 
(110)  and  (112)  surfaces  by  the  analysis  of  sections  of  im¬ 
ages  such  as  that  shown  in  Fig.  1.  The  typical  height  changes 
are  of  the  order  of  10  nm  in  5  fx m  and  estimates  of  Xm  from 
such  data  yield  a  value  of  1.63X10-3  (cr~8%)  which  agrees 
remarkably  well  with  previous  experimental  and  theoretical 
evaluations.7 

_  Topographic  and  MFM  images  of  the  same  area  of  a 
(110)  surface  across  a  double  growth  twin  are  shown  in  Fig. 
4  and  demonstrate  the  direct  relationship  between  the  mag¬ 
netic  and  topographic  features  which  is  not  unduly  influ¬ 
enced  by  the  surface  scratches  in  this  example.  The  fine 


FIG.  3.  (a)  Magnetization  distribution  diagram  to  show  origin  of  surface 
deformations  and  closure  domains  for  (001)  109°  Bloch  walls,  (b)  simple 
distortion  of  a  {110}  section,  where  a  represents  deformation  gradient. 


FIG.  4.  (a)  Topographic  and  (b)  MFM  images  of  a  (110)  surface  across  a 
double  twin  (TB).  Magnetic  contrast  can  be  seen  in  (111),  (110),  and  (001) 
directions. 


structure  associated  with  the  magnetic  force  gradient  image 
is  thought  to  be  associated  with  closure  domains  and  is 
symptomatic  of  the  branching  structures  required  to  reduce 
magnetostatic  energy.  In  general  these  fine  structure  features, 
which  will  not  affect  the  surface  distortion  as  shown  in  Fig. 
3(a),  have  a  separation  of  about  10%  of  the  major  deforma¬ 
tion  separations.  Those  lying  parallel  to  the  (110)  directions 
in  the  surface  are  considered  to  have  {110}  109°  Bloch  char¬ 
acter.  Magnetic  contrast  can  also  be  seen  in  (111)  and  (001) 
directions  as  predicted7  and  most  configurations  imply  that 
the  growth  twin  boundaries  are  associated  with  domain 
walls.2,5  In  the  few  regions  of  the  surface  which  yield  no 
surface  topographical  deformation,  the  MFM  images  reveal 
contrast  which  is  considered  to  arise  from  in-plane  easy  axis 
domain  configurations.  An_  example  of  such  contrast  is 
shown  in  Fig.  5  from  a  (110)  surface  where  the  [111]  and 
[111]  directions  lie  in  the  plane.  The  interpretation  of  such 
images  however  requires  further  experimental  evidence  con¬ 
cerning  the  magnetic  state  of  the  tip,  since  the  directionality 
of  the  observed  contrast  will  be  dependent  on  the  stray  field 
distribution  of  both  tip  and  sample. 

Figure  6  shows  the  changes  in  MFM  contrast  in  a  (112) 
surface  associated  with  acjield  demagnetization  of  a  sample 
in  the  in-plane  [111]  and  [110]  directions.  The  surface  defor¬ 
mations,  and  magnetic  domain  structure,  both  change  consid- 


FIG.  5.  MFM  image  from  (110)  surface  from  a  region  showing  no  topo¬ 
graphic  deformation  indicating  possible  in-plane  (001)  109°  and  (112)  180° 
walls. 
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FIG.  6.  MFM  images  from  a  similar  area  of  a  (112)  surface  ac  demagnetized 
(a)  along  [111]  and  (b)  along  [110]. 


erably  under  the  influence  of  applied  field,  and  applied  ex¬ 
ternal  stress,  and  such  observations  are  the  subject  of 
continuing  study.  The  complex  nature  of  the  surface  closure 
domain  structure  on  these  materials  is  demonstrated  in  Fig.  7 
obtained  from  a  (112)  surface.  The  projections  of  the  (100) 
and  the  (211)  planes  on  to  this  surface  are  indicated  on  the 
figure.  Such  planes  are  low-energy  Bloch  wall  planes8  and 
geometrically  suggest  a  possible  configuration  of  the  mag¬ 
netic  structure  in  this  surface. 

IV.  CONCLUSION 

The  application  of  SPM  techniques  to  the  study  of  par¬ 
ticular  crystallographic  surfaces  of  Terfenol-D  crystals  has 
yielded  the  first  direct  measurements  of  the  deformation  gra¬ 
dients  associated  with  magnetostrictively  driven  lattice 
strains  in  neighboring  deformation  domains.  A  value  of 
\1U  =  1.63X10-3  has  been  obtained,  with  or— 8%,  from  such 
measurements.  The  complex  magnetic  force  gradient  images 
from  observations  on  both  {110}  and  {112}  surfaces  are 
symptomatic  of  domain  branching  at  surfaces  and  also  illus¬ 
trate  exact  compatibility  of  features  across  growth  twin 
boundaries.  Further  work  on  the  effect  of  magnetic  field  and 


FIG.  7.  MFM  image  from  (112)  surface  showing  the  complex  nature  of  the 
closure  structure  ( w{hkl)  represents  the  hkl  plane  projection  on  to  the  (112) 
plane). 


applied  stress  to  gain  a  better  understanding  of  the  relation 
between  topography  and  domain  structure  is  in  progress. 
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We  report  on  the  possibilities  of  application  of  magneto-optical  indicator  film  (MOIF)  technique  for 
visualization  and  direct  experimental  study  in  real  time  of  the  magnetization  processes  and 
nondestructive  characterization  of  the  quality  of  magnetic  thin  granular  films  and  multilayers.  The 
technique  utilizes  a  transparent  indicator  film,  a  Bi- substituted  iron  garnet  with  in-plane  anisotropy, 
placed  on  the  top  of  a  sample.  Polarized  light  passes  through  the  indicator  film  and  is  reflected  back 
by  an  A1  underlayer.  Magnetic  stray  fields  with  a  component  perpendicular  to  the  film  plane  are 
observed  through  the  magneto-optic  Faraday  effect  created  in  the  garnet  film.  An  investigation  of  the 
magnetic  moment  distribution  in  granular  single  films  and  multilayers  was  carried  out  using  this 
method.  Some  examples  of  magnetic  stray  field  images  of  domain  walls  of  different  types  obtained 
by  MOIF  technique  and  magnetic  force  microscopy  are  described.  The  experimental  data  are 
compared  with  theoretical  estimations.  The  detailed  information  is  obtained  on  the  spin  rotation 
processes  as  well  as  on  the  domain  wall  nucleation  and  motion  during  the  remagnetization  of  these 
materials.  Peculiarities  of  the  magnetization  reversal  of  multilayers  with  different  types  of  exchange 
interlayer  coupling  have  been  revealed  and  discussed.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)61 108-4] 
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High  density  recorded  patterns  observed  by  high-resolution  Bitter 
scanning  electron  microscope  method 
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We  have  developed  a  new  and  versatile  method  for  observation  of  fine  domain  structures  in 
ferromagnetic  specimens.  In  this  method,  which  we  call  here  the  high-resolution  Bitter  scanning 
electron  microscope  (HRBS)  method,  ferromagnetic  fine  particles  as  small  as  20  nm  are  fabricated 
by  sputtering,  and  are  subsequently  deposited  on  the  surface  of  ferromagnetic  samples  to  be 
investigated.  The  particles  form  very  faithful  domain  patterns  reflecting  the  leakage  field  distribution 
from  the  samples.  We  have  applied  this  method  to  several  magnetic  and  magneto-optic  high  density 
recording  media,  and  have  successfully  observed  the  bit  patterns  at  a  recording  density  of  300  kFCI 
(bit  length  ~80  nm).  Moreover,  we  have  confirmed  that  the  HRBS  method  is  also  effective  in 
investigating  the  magnetized  states  within  each  recording  bit.  ©  1996  American  Institute  of 
Physics.  [S002 1  -8979(96)55608-X] 


I.  INTRODUCTION 

Recently,  we  have  developed  a  versatile  method  for  ob¬ 
servation  of  fine  domain  structures  in  a  ferromagnetic 
specimen.1,2  In  this  method,  ferromagnetic  fine  particles  as 
small  as  20  nm  are  fabricated  by  sputtering  and  are  subse¬ 
quently  deposited  on  the  surface  of  magnetic  samples  to  be 
investigated,  resulting  in  the  evolution  of  the  magnetic  do¬ 
main  pattern.  The  method  is  referred  to  as  the  high-resolution 
Bitter-scanning  electron  microscope  (HRBS)  method.  The 
HRBS  has  the  following  advantages  over  the  other  observa¬ 
tion  methods.  First,  this  method  is  applicable  to  a  variety  of 
ferromagnetic  specimens  without  any  restrictions  on  their 
sample  size  and  shape.  Second,  it  has  a  high  spatial 
resolution.3  Third,  it  is  possible  to  survey  domain  structures 
over  a  very  wide  area,  as  large  as  100  mm,2  enabling  an  easy 
search  and  a  precise  investigation  of  local  points.  Finally, 
high  contrast  domain  images  are  available  without  any  image 
processing.  Owing  to  these  merits,  the  HRBS  is  now  widely 
applied  to  a  variety  of  ferromagnetic  specimens  in  order  to 
investigate  their  domain  structures.3-8 

In  the  present  paper,  we  will  demonstrate  the  usefulness 
of  the  HRBS  method  through  observations  of  magnetic  and 
magneto-optic  high  density  recording  media. 


an  external  field  of  about  100  Oe  was  applied  to  the  samples 
along  the  direction  of  the  recorded  magnetization  during  the 
formation  of  the  patterns.1,9,10 

III.  RESULTS  AND  DISCUSSION 

According  to  the  ferrohydrodynamic  theory  on  Bitter 
pattern  evolution  by  Hartmann  and  Mende,11,12  the  statisti¬ 
cally  averaged  magnetic  potential  (U)  of  the  ferromagnetic 
fine  particles  under  the  influence  of  a  local  field  H  can  be 
expressed  as 

(U)=~kT  ln(sinh  pip),  (I) 

where  p  -  pb0mHtkT ,  and  m  denotes  the  magnetic  dipole 
moment  of  each  fine  particle,  k  the  Boltzmann  constant, 
the  permeability  of  vacuum,  and  T  the  temperature.  Using 
this  magnetic  potential,  the  surface  density  p  of  the  ferro¬ 
magnetic  particles  on  a  ferromagnetic  specimen  is  derived 


>=A0  J  sinh  p/p  dy  (A0:  constant), 


where  y  denotes  the  distance  from  the  surface  of  the  mag¬ 
netic  specimen.  By  calculating  Eq.  (2),  we  can  predict  the 


II.  EXPERIMENT 

The  schematic  of  our  dc  magnetron  sputtering  apparatus 
is  shown  in  Fig.  1.  Fine  ferromagnetic  particles  with  an  av¬ 
erage  diameter  of  20  nm  are  formed  in  room  B  by  sputtering 
the  target  (in  this  case,  Co  or  Fe),  and  they  are  subsequently 
transported  into  room  A  by  a  slight  pressure  difference  be¬ 
tween  the  two  rooms.  The  particles  are  attracted  toward  the 
surface  of  the  ferromagnetic  sample  in  accordance  with  the 
distribution  of  the  magnetic  potential.  The  domain  patterns 
decorated  by  the  fine  particles  are  observed  by  a  scanning 
electron  microscope  (SEM).  Samples  for  pattern  observa¬ 
tions  are  a  Co-Cr  alloy  thin-film  disk,  an  obliquely  evapo¬ 
rated  Co-O  thin-film  tape  and  a  Tb-Fe-Co  magneto-optic 
disk.  In  order  to  enhance  the  contrast  of  the  domain  patterns, 


FIG.  1.  Schematic  draft  of  a  dc  magnetron  sputtering  system  for  formation 
of  HRBS  patterns. 
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Distance  from  a  recording  transition  ( fi  m) 

FIG.  2.  Calculated  surface  density  of  ferromagnetic  particles  on  a  recorded 
thin-film  disk  at  a  density  of  10  kFCI.  Arrows  in  the  figure  indicate  the 
positions  of  recording  transitions. 


density  of  ferromagnetic  particles  at  the  sample  surface  if  its 
leakage  field  distribution  can  be  determined.  In  the  presence 
of  an  externally  applied  field,  the  magnetic  field  H  used  to 
evaluate  p  of  Eqs.  (1)  and  (2)  is  the  magnitude  of  the  vector 
sum  of  both  the  leakage  and  the  externally  applied  fields. 
The  detail  calculation  of  the  field  H  is  described  elsewhere.10 
Figure  2  shows  the  calculated  density  of  ferromagnetic  par¬ 
ticles  at  the  surface  of  a  digitally  recorded  medium,  where 
the  thickness  and  the  residual  magnetization  are  assumed  to 
be  25  nm  and  350  G,  respectively.  It  is  noted  that  applying  a 
weak  external  field  along  the  recorded  magnetization  during 
the  pattern  evolution  effectively  enhances  the  contrast  of  the 
magnetic  domain  patterns.  Such  theoretical  results  are  repro¬ 
duced  in  the  observed  HRBS  patterns,  as  shown  in  Fig.  3, 
where  these  patterns  were  obtained  by  depositing  sputtered 
Co  fine  particles  onto  a  longitudinal  Co-Cr  alloy  thin  film 
disk. 

In  our  sputtering  apparatus,  it  is  possible  to  form  a 
HRBS  pattern  over  a  sample  area  as  wide  as  100  mm2.  We 
have  confirmed  that  very  clear  magnetic  domain  patterns  can 
be  successfully  observed  over  the  whole  area  by  using  a 
conventional  SEM.  Figure  4(a)  shows  the  SEM  micrograph 
of  the  HRBS  pattern  formed  on  a  digitally  recorded  Co-Cr 
alloy  disk.  By  merely  increasing  the  magnification  of  the 
SEM,  we  can  clearly  observe  the  recording  states  of  150 
kFCI  [bit  length  —170  nm)  as  shown  in  Fig.  4(b)].  In  order 
to  roughly  estimate  the  spatial  resolution  of  the  HRBS,  we 


a)  H=0Oe  *  b)  H=100  Oe 


FIG.  3.  HRBS  patterns  of  a  digitally  recorded  Co-Cr  alloy  thin-film  disk  at 
a  density  of  10  kFCI.  (a)  is  formed  in  zero  field  and  (b)  in  100  Oe. 


FIG.  4.  (a)  Several  bit  patterns  recorded  on  a  Co-Cr  alloy  thin-film  disk,  and 
(b)  the  recording  track  of  150  kFCI  observed  with  high  magnification. 

have  attempted  to  observe  ultrahigh  density  recording  states 
of  an  obliquely  evaporated  Co-0  thin-film  tape.  Figure  5  is 
the  HRBS  pattern  at  a  density  of  300  kFCI  (bit  length  —80 
nm).  In  spite  of  the  extremely  small  output  signals  at  this 
density,  which  are  partly  due  to  serious  losses  in  the  repro¬ 
ducing  process,  we  can  clearly  see  high  density  bit  patterns, 
although  the  neighboring  bits  having  parallel  magnetizations 
are  in  some  places  linked  to  each  other  across  an  antiparallel 
recording  bit.  Recently,  very  similar  bit  patterns  have  been 
observed  by  the  spin-SEM  method  for  the  same  Co-0  thin- 
film  tape.13  According  to  the  above  experiments,  we  believe 
that  the  spatial  resolution  of  the  HRBS  is  better  than  80  nm. 
In  order  to  determine  the  resolution  more  quantitatively, 
ideal  recording  media  without  any  fluctuations  of  recording 
transitions  are  required. 

The  HRBS  method  is  also  effective  in  observing  record¬ 
ing  states  of  magneto-optic  media.  Figure  6  illustrates  the 
dependence  of  the  recorded  bits  of  a  Tb-Fe-Co  disk  on  the 
input  power  of  a  laser  source.  The  circular  recording  bits 
drastically  shrink  from  800  to  400  nm  as  the  input  power 
decreases  from  7.5  to  6.8  mW.  At  present,  very  small  record¬ 
ing  bits  as  small  as  200  nm  can  be  clearly  observed  through 
a  somewhat  thick  silicon-nitride  and  aluminum  overlayers. 
By  utilizing  the  HRBS  method,  intensive  studies  on  the 
growth  mechanisms  of  the  magnetic  domains  are  now  in 
progress.8 

We  will  show  a  typical  example  to  demonstrate  the  use¬ 
fulness  of  the  HRBS  method.  Recently,  Takano  et  al  have 
experimentally  confirmed  that  the  recording  performance  of 
a  thin-film  inductive  head  greatly  depends  on  the  electrical 
resistivity  of  magnetic  materials.7  According  to  their  results, 
eddy  currents  are  induced  in  the  magnetic  poles,  which  cause 
a  phase  lag  of  the  recording  field  against  the  drive  current 


FIG.  5.  HRBS  pattern  of  an  obliquely  evaporated  Co-0  thin-film  tape.  Re¬ 
cording  density  is  300  kFCI  (bit  length  —80  nm). 
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a)  7.5  mW 

b)  6.8  mW 

FIG.  6.  Recording  states  of  a  Tb-Fe-Co  magneto-optic  disk  as  a  function  of 
the  input  power  of  the  laser  source:  (a)  7.5  mW  and  (b)  6.8  mW. 

and  deteriorate  the  recording  performance  of  the  magnetic 
head,  especially  at  high  frequencies.  In  order  to  investigate 
their  recording  states,  we  applied  the  HRBS  method  to 
Co-Cr  alloy  thin-film  disks  which  are  recorded  by  using  two 
kinds  of  thin-film  heads.  The  magnetic  poles  of  head  A  con¬ 
sist  of  the  poly  crystalline  films  with  low  resistivity  (p=16 
pH  cm),  and  the  poles  of  head  B  are  made  of  the  highly 
resistive  amorphous  films  (p-90/mCl  cm).  The  observed 
HRBS  patterns  are  shown  in  Fig.  7  as  functions  of  recording 


FIG.  7.  HRBS  patterns  of  a  Co-Cr  alloy  thin-film  disk  recorded  by  two 
kinds  of  thin-film  heads  (heads  A  and  B). 


frequency.  The  relative  velocity  and  the  spacing  between  the 
head  and  the  disk  were  maintained  at  28  m/s  and  100  nm, 
respectively.  Head  B  exhibits  good  recording  performance 
over  the  whole  frequency  range  examined  in  this  experiment. 
In  contrast,  head  A  cannot  realize  the  uniform  recording  over 
the  whole  track  width  at  40  MHz,  and  finally  no  recorded 
patterns  can  be  seen  at  50  MHz.  The  fact  that  the  fields  at  the 
middle  of  the  track  are  attenuated  indicates  that  the  presence 
of  the  eddy  currents  considerably  deteriorates  the  high- 
frequency  performance  of  head  A.  Since  the  distribution  of 
the  eddy  currents  greatly  depends  on  the  dimensions  of  the 
magnetic  poles  as  well  as  their  electrical  resistivity,  very 
careful  designing  is  required  in  constructing  the  thin-film 
heads  for  high  frequency  use. 

As  mentioned  above,  the  HRBS  method  is  one  of  the 
most  effective  measures  for  the  investigation  of  fine  domain 
structures  in  a  variety  of  ferromagnetic  specimens. 

IV.  SUMMARY 

Our  newly  developed  high-resolution  Bitter  SEM  is  a 
very  versatile  method  for  the  observation  of  magnetic  do¬ 
main  structures  of  various  ferromagnetic  specimens.  Appli¬ 
cations  of  this  method  to  magnetic  and  magneto-optic  high 
density  recording  media  have  revealed  that  its  spatial  resolu¬ 
tion  is  better  than  80  nm. 
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A  new  magnetic  bar  code  system  based  on  a  magnetic  anisotropy 
detection  (abstract) 
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Magnetic  bar  codes  can  be  used  in  unclean  environments,  where  widely  used  optical  bar  code 
systems  cannot  be  applied.  Readout  system  for  magnetic  bar  codes  can  also  be  made  much  simpler 
than  optical  ones.  A  new  magnetic  bar  code  system  is  proposed,  in  which  binary  information  is 
coded  in  the  sign  of  tilted  angles  of  magnetic  strips  from  a  given  standard  direction.  This  scheme  is 
unique  compared  to  the  conventional  optical  bar  code,  where  width  or  space  of  the  parallel  pattern 
carries  information,  or  an  already  reported  magnetic  bar  code,1  where  cross  sectional  shapes  of 
pattern  engraved  in  a  ferromagnetic  body  carries  information.  Each  of  the  magnetic  strips  brings 
about  magnetic  anisotropy  due  to  its  shape  effect,  hence  angular  dependent  permeability  in  the 
proximity  of  the  strip.  The  sign  of  the  tilted  angle  of  each  magnetic  strip  is  detected  inductively 
through  the  angular  dependent  permeability  by  using  a  magnetic  pickup  head  with  a  pair  of 
cross-coupled  figure-eight  coils,2  where  the  sign  of  mutual  inductance  between  the  primary  and  the 
secondary  figure-eight  coil  has  one  to  one  relationship  to  the  sign  of  the  tilted  angle.  Because  the 
detection  of  the  tilted  angle  is  independent  of  scanning  speed,  variation  in  the  scanning  speed  of  the 
readout  head  does  not  affect  the  performance.  In  our  preliminary  study,  the  proposed  magnetic  bar 
code  system  was  examined  using  pickup  head  consisting  of  a  pair  of  cross-coupled  10-tum 
figure-eight  coils  which  was  embedded  in  a  rectangular  ferrite  rod  with  cross-shape  groove  on  the 
top  surface  of  6.5X3  mm  dimension.  The  head  was  made  thinner  in  the  scanning  direction  to  allow 
dense  alignment  of  the  pattern.  Two  kinds  of  pattern  were  made:  the  one  was  by  aligning  short 
amorphous  wires  (5  mm  in  length  and  120  /mm  in  diameter)  on  the  plastic  film  and  the  other  by  using 
a  thin  (10  /mm  in  thickness)  copper  film  with  tilted  slits  backed  by  an  amorphous  ribbon.  These 
samples  of  magnetic  bar  code  patterns  were  scanned  with  lift-off  of  1  mm  under  the  operating 
condition  of  120  kHz  and  200  mA.  Amplitudes  of  the  positive  and  the  negative  peak  of  the  output 
voltage  well  exceeded  10  mV.  Density  of  the  pattern  in  the  preliminary  study  was  7  bits  for  the  bar 
code  length  of  2.6  cm.  We  will  discuss  several  factors  to  make  density  of  the  pattern  higher.  Because 
the  pickup  coils  can  be  assembled  with  planar  coils  and  because  the  magnetic  bar  code  itself  is  thin, 
the  total  system  of  this  bar  code  scheme  can  be  realized  in  thin  form.  ©  1996  American  Institute 
of  Physics.  [S0021-8979(96)61208-0] 
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Giant  magnetoresistance  as  a  probe  of  interfacial  electronic  character 
(invited)  (abstract) 
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The  giant  magnetoresistance  (GMR)  effect  exhibited  by  magnetic  multilayers  and  related  structures 
is  very  sensitive  to  the  nature  of  the  interfaces  between  the  magnetic  and  nonmagnetic  layers.  We 
have  explored  the  dependence  of  GMR  on  the  electronic  character  of  these  interfaces  by  inserting 
additional  thin  magnetic  layers  at  the  interfaces.  Insertion  of  thin  Co  layers  in  Ni-Fe/Cu/Ni-Fe  or 
thin  Ni-Fe  layers  in  Co/Cu/Cu  exchange  biased  sandwiches  leads  to  an  increase  or  decrease, 
respectively,  in  the  magnitude  of  the  GMR  effect;  the  variation  is  monotonic  with  thickness  of  the 
inserted  layer.  In  contrast,  insertion  of  thin  layers  of  Fe  at  the  Ni-Fe/Cu  interfaces  in  Ni-Fe/Cu/ 

Ni-Fe  exchange  biased  sandwich  structure  results  in  a  nonmonotonic  variation  of  GMR  with  Fe 
layer  thickness;  for  intermediate  thicknesses  in  particular  the  GMR  is  substantially  reduced.  The 
magnetism  and  structure  of  the  Fe  layers  is  explored  in  related  sputter-deposited  single-crystalline 
Ni/Fe/Cu  thin-film  structures  prepared  using  thin  Fe/Pt  seed  layers  grown  at  high  temperatures  on 
single  crystalline  polished  wafers  of  MgO(lOO),  MgO(llO),  and  (0001)A1203.  The  magnetism  of 
the  Ni,  Fe,  and  Cu  layers  is  examined  using  x-ray  magnetic  circular  dichroism  (XMCD)  and  the 
structure  of  the  Fe  is  analyzed  using  extended  x-ray  absorption  fine  structure  (EXAFS)  studies. 

These  experiments  show  that  the  Fe  moment  varies  nonmonotonically  with  thickness  resulting  from 
a  structural  phase  transition  from  fee  to  bcc  Fe  with  increasing  thickness.  The  Fe  displays  a  very 
small  magnetic  moment  for  an  intermediate  range  of  Fe  thickness  for  which  the  Fe  structure  is  fee. 

This  range  of  thickness  depends  on  the  crystalline  orientation  of  the  Fe.  It  is  within  this  same  range 
of  thickness  that  the  GMR  is  suppressed  in  related  exchange  biased  sandwich  structures. 
Interestingly  we  find  that  such  nonferromagnetic  layers  of  fee  Fe  can  be  used  as  spacer  layers  in 
magnetic  multilayers  of,  for  example,  Ni/Fe.  These  multilayers  display  both  antiferromagnetic 
interlayer  coupling  of  the  Ni  layers  and  giant  magnetoresistance,  which  each  oscillate  as  a  function 
of  Fe  thickness.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)43808-l] 
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Nanostructure  fabrication  via  laser-focused  atomic  deposition  (invited) 
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Electron  Physics  Group,  National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899 

Nanostructured  materials  and  devices  will  play  an  important  role  in  a  variety  of  future  technologies, 
including  magnetics.  We  describe  a  method  for  nanostructure  fabrication  based  on  the  use  of  laser 
light  to  focus  neutral  atoms.  The  method  uses  neither  a  mask  nor  a  resist,  but  relies  on  the  direct 
deposition  of  atoms  to  form  permanent  structures.  Since  the  atomic  de  Broglie  wavelength  is  of 
picometer  order,  the  size  of  structures  produced  is  not  significantly  limited  by  diffraction,  as  in 
optical  lithography.  Lines  as  narrow  as  38  nm  full  width  at  half  maximum  spaced  by  213  nm  have 
been  produced  and  we  have  demonstrated  the  production  of  a  two-dimensional  array  of  dots.  The 
highly  parallel  process  of  nanostructure  formation  and  the  intrinsic  accuracy  of  the  optical 
wavelength  that  determines  structure  spacing  suggest  a  number  of  interesting  applications,  including 
calibration  standards  for  various  types  of  microscopy,  lithography,  and  micromeasurement  systems. 

Possible  magnetic  applications  include  the  production  of  arrays  of  magnetic  elements,  laterally 
structured  giant  magnetoresistive  devices,  and  the  patterning  of  magnetic  media. 

[S0021-8979(96)22708-X] 


I.  INTRODUCTION 

The  fabrication  and  use  of  nanostructures,  both  as  tools 
to  further  our  understanding  of  physical  principles  and  to 
provide  novel  functionality  in  devices,  continues  to  expand 
unabated.  Nanostructures  are  generally  understood  to  possess 
at  least  one  dimension  on  the  nanometer  scale,  more  typi¬ 
cally  below  100  nm.  Frequently,  the  near  atomic  scale  of  the 
dimension  gives  rise  to  unique  properties  to  be  explored  or 
exploited.  While  this  definition  includes  the  area  of  thin-film 
research,  such  work  is  usually  not  discussed  as  nanostructure 
science.  However,  multilayer  structures  of  thin  films  are  in¬ 
cluded  within  the  definition.  This  general  area  of  research 
has  also  been  referred  to  as  nanotechnology. 

While  far  more  work  has  been  performed  on  the  elec¬ 
tronic  characteristics  of  small  structures,  a  growing  body  of 
research  concerns  the  fabrication  and  properties  of  magnetic 
nanostructures.  A  great  deal  of  current  research  is  focused  on 
giant  magnetoresistive  (GMR)  devices  generally  involving 
multilayer  structures.1  One  recent  article  reports  the  fabrica¬ 
tion  of  a  GMR  device  consisting  of  a  series  of  GMR 
multilayer  structures  with  all  three  dimensions  in  the  nano¬ 
meter  range.2  Another  reports  the  use  of  a  wedge-shaped 
nanostructure  to  systematically  study  exchange-coupled 
magnetic  layers.3  Others  concentrate  on  fabricating  arrays  of 
isolated  magnetic  elements  to  study  their  interactions,4-7 
magnetic  properties,8,9  or  magnetic  quantum  tunneling.10  Ap¬ 
plications  include  improved  MFM  tips11  and  high-density 
magnetic  storage.12 

The  production  of  one-dimensional  nanostructures  is 
generally  done  with  molecular  beam  epitaxy  and/or  sputter 
deposition.  Structures  with  two  and  three  dimensions  in  the 
nanometer  range  require  a  patterning  technique,  such  as  op¬ 
tical  or  electron-beam  lithography.  Optical  lithography,  while 
convenient  because  of  its  wide  usage  and  ability  to  pattern 
large  areas  in  parallel,  is  limited  because  of  the  diffraction  of 
light  to  feature  sizes  of  about  180  nm,  i.e.,  just  at  the  upper 

^Current  address:  School  of  Physics,  University  of  Melbourne,  Parkville, 
Victoria  3052,  Australia. 


limit  of  the  nanoscale  regime.  As  a  result,  electron-beam  li¬ 
thography,  which  has  an  insignificant  diffraction  limit,  has 
generally  been  the  method  of  choice  for  fabricating  higher¬ 
dimensional  nanostructures.  Features  as  small  as  20  nm  can 
be  fabricated  with  relative  ease,  and  in  some  special  cases, 
features  as  small  as  1-2  nm  have  been  achieved.13  Further 
progress  has  been  made  recently  by  replacing  the  electron 
beam  with  a  scanning  tunneling  microscopy  (STM)  tip.14 
Despite  its  popularity  and  potential  for  high  resolution,  there 
are  drawbacks  associated  with  electron-beam  lithography. 
Because  patterns  are  formed  by  scanning  a  finely  focused 
beam,  structures  are  generated  serially  across  a  substrate. 
There  is  also  an  inherent  trade-off  between  speed  and  reso¬ 
lution.  Since  electrons  mutually  repel  each  other,  high  reso¬ 
lution  can  only  be  achieved  at  the  expense  of  beam  current. 
Thus  the  beam  must  be  scanned  relatively  slowly  across  the 
surface  in  order  to  fully  expose  the  resist.  Besides  introduc¬ 
ing  problems  like  sample  drift,  proximity  effects,  and  stitch¬ 
ing  errors,  this  limits  the  complexity  of  the  pattern  to  be 
fabricated:  a  large  array  of  very  small  features  can  require  an 
exposure  of  many  hours,  a  length  of  time  that  rapidly  be¬ 
comes  impractical. 

II.  LASER  FOCUSING  OF  ATOMS 

Neutral  atom  focusing  is  a  completely  different  approach 
to  nanostructure  fabrication.  While  still  in  its  infancy,  it  al¬ 
ready  addresses  several  of  the  stumbling  blocks  of  present 
methods.  The  diffraction  limit  is  insignificant,  as  it  is  for 
electron  beams,  since  the  de  Broglie  wavelength  of  the  atom 
is  typically  in  the  picometer  range.  Unlike  electrons,  how¬ 
ever,  the  atoms  are  electrically  neutral,  so  there  is  no  space- 
charge  repulsion  limiting  the  flux  in  finely  focused  regions. 
Furthermore,  the  focusing  scheme  can  be  made  massively 
parallel,  allowing  large  areas  to  be  patterned  rapidly.  In  ad¬ 
dition,  the  focusing  schemes  generally  make  use  of  highly 
stable  optical  wavelengths,  so  highly  accurate  patterns  can  be 
produced  over  relatively  large  areas  without  stitching  errors. 
Still  another  advantage  is  that  the  process  can  be  imple¬ 
mented  in  a  direct-write  manner,  eliminating  the  need  for  a 
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FIG.  1.  Schematic  of  laser-focused  atomic  deposition  process. 


physical  mask  and  subsequent  processing.  Though,  so  far,  no 
direct  application  to  the  fabrication  of  magnetic  nanostruc¬ 
tures  has  been  carried  out,  it  appears  that  many  of  these 
advantages  could  prove  useful  for  such  applications. 

The  focusing  of  neutral  atoms  is  achieved  by  configuring 
electromagnetic  fields  in  such  a  way  as  to  exert  forces  on 
neutral  atoms  toward  an  axis.  The  study  of  the  motion  of 
atoms  in  electromagnetic  fields  is  a  major  component  of  the 
new  field  of  atom  optics,15  which  treats  the  manipulation  of 
atoms  by  devices  that  serve  as  lenses,  mirrors,  beamsplitters, 
and  gratings  in  analogy  with  light  optics.  To  date,  most  of  the 
configurations  used  for  focusing  atoms  have  involved  the  use 
of  laser  fields  in  which  the  frequency  of  the  laser  is  tuned 
very  close  to  an  atomic  resonance.  Some  work  has  been 
done,  however,  on  the  focusing  of  atoms  in  a  hexapole  mag¬ 
netic  field,16  Laser  fields  provide  an  especially  good  medium 
for  generating  the  necessary  fields  for  high-resolution  focus¬ 
ing  of  atoms  because  gradients  can  be  generated  over 
optical-wavelength  distances,  and  tuning  near  resonance  can 
greatly  enhance  the  interaction.  In  particular,  making  use  of  a 
laser  standing  wave  allows  for  massively  parallel  focusing  of 
atoms  in  an  array  of  lenses  that  is  spaced  with  interferometric 
precision  across  a  substrate  (see  Fig.  1). 

In  the  presence  of  a  near-resonant  laser  field,  two  types 
of  radiation  forces  are  present,  the  spontaneous  force  and  the 
dipole  force.  The  spontaneous  force  is  simply  the  light  pres¬ 
sure,  i.e.,  the  transfer  of  momentum  that  results  when  an 
atom  absorbs  a  photon  from  the  direction  of  the  light  source 
and  reradiates  a  photon  in  an  arbitrary  direction.  After  a 
number  of  such  interactions  a  beam  of  neutral  atoms  will  be 
deflected  away  from  the  light  source.  The  dipole  force  can  be 
thought  of  as  resulting  from  the  interaction  between  an  os¬ 
cillating  electric  dipole  induced  in  the  atom  and  any  spatial 
gradient  that  might  be  present  in  the  oscillating  laser  electric 
field.  Over  the  past  15  years,  methods  have  evolved  to  use 
these  forces,  separately  or  in  combination,  to  cool  and  trap,17 
and  also  focus,18  atom  beams. 

The  first  application  of  laser  focusing  of  atoms  to  con¬ 
trolled  deposition  involved  observing  the  “shadow”  of  a 
resonant  laser  beam  traversing  a  beam  of  sodium  atoms  de¬ 
positing  onto  a  surface.19  This  was  followed  by  observation 
of  optical  diffraction  from  a  grating  of  sodium  atoms  gener¬ 
ated  by  focusing  the  atoms  with  the  dipole  force  generated  in 
the  nodes  of  a  standing  wave  passing  across  the  surface  of  a 
substrate.20  These  experiments  demonstrated  the  essential 
principle  of  laser  focused  atomic  deposition  but,  because  the 
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FIG.  2.  Schematic  of  laser-focused  atomic  deposition  apparatus,  showing 
dye  laser,  acousto-optic  modulator  (AOM),  miscellaneous  optics  (including 
quarter- wave  plates,  denoted  by  X/4),  vacuum  chamber,  Cr  source,  deposi¬ 
tion  substrate,  and  sample  holder. 


deposited  atom  was  sodium,  it  was  difficult  to  proceed  with 
nanostructure  fabrication,  or  carry  out  quantitative  studies  of 
the  process.  Sodium  was  chosen  because  it  was  easy  to  make 
an  atomic  beam  and  easy  to  tune  a  laser  near  the  strong 
resonance  at  589  nm.  The  first  permanent  laser-focused 
structures  were  fabricated  using  a  chromium  atomic  beam, 
taking  advantage  of  the  atomic  resonance  at  425  nm.21  This 
work  has  been  followed  recently  by  creation  of  structures  in 
aluminum.22  Because  the  use  of  a  hard,  fine-grained  material 
such  as  chromium  opens  the  possibility  for  precise  fabrica¬ 
tion  and  perhaps  transfer  of  the  patterns  to  other  materials, 
and  because  of  the  relevance  of  chromium  to  magnetic  ma¬ 
terials,  we  discuss  the  results  of  the  chromium  research  in 
some  detail. 

111.  CHROMIUM  EXPERIMENT 

A  schematic  of  the  experimental  arrangement21  is  shown 
in  Fig.  2.  In  this  experiment,  Cr  atoms  effuse  from  a  molecu¬ 
lar  beam  epitaxy  (MBE)-type  evaporator,  modified  to  pro¬ 
duce  a  point  source  of  atoms.  They  pass  through  a  region 
where  the  beam  is  collimated  optically,  and  then  through  a 
second,  standing  wave  region  where  they  are  focused  to  form 
a  pattern  on  a  Si  substrate.  The  optical  standing  wave,  posi¬ 
tioned  immediately  above  the  Si  substrate,  is  formed  by  the 
reflection  of  a  laser  beam  from  a  mirror  in  direct  contact  with 
the  substrate.  The  laser  wavelength  used  is  425.55  nm  (in 
vacuum),  which  corresponds  to  the  energy  difference  be¬ 
tween  the  Cr  7  S3  ground  state  and  the  7  PA  excited  state,  and 
the  spacing  between  nodes  of  the  resulting  standing  wave  is 
just  half  that  wavelength,  or  212.78  nm.  If  the  correct  com¬ 
bination  of  laser  beam  size,  intensity,  wavelength,  and  posi¬ 
tion  above  the  substrate  is  used,  the  standing  wave  acts  as  an 
array  of  cylindrical  lenses  to  focus  the  atoms  to  form  lines  on 
the  substrate.21 

The  dipole  force  is  not  strong,  so  the  lenses  described 
above  are  best  thought  of  as  weak  immersion  lenses.  In  order 
for  their  effect  to  be  enough  to  bring  the  atoms  into  a  fine 
focus,  the  incident  atom  beam  must  be  highly  collimated, 
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FIG.  3.  Atomic  force  microscope  image  of  Cr  lines  formed  by  laser-focused 
atomic  deposition.  The  lines  in  this  image  have  a  height  of  8±1  nm. 

possessing  little  transverse  velocity.  To  achieve  this,  a  colli- 
mation  region  is  used,  in  which  counterpropagating  laser 
beams  transverse  to  the  atom  beam  are  tuned  to  a  frequency 
just  below  that  of  the  resonant  transition.  In  this  process, 
photons  are  absorbed  only  if  the  transverse  velocity  of  the 
atoms  is  large  enough  to  Doppler  shift  the  photon  into  reso¬ 
nance  with  the  atom.  In  that  case,  the  atoms  will  experience 
a  momentum  change  that  moves  them  closer  to  an  ideally 
collimated  beam.  This  collimation  or  laser  cooling  process, 
which  is  sometimes  referred  to  as  “optical  molasses,”  has 
been  studied  in  great  depth  in  one,  two,  and  three  dimensions 
in  relation  to  laser  cooling  and  trapping  of  atoms.23  Using  a 
variant  of  the  basic  process,  which  makes  use  of  polarization 
gradients  in  the  laser  beams,24  an  atom  beam  collimation  of 
the  order  of  one  part  in  7000  is  achieved. 

IV.  CHROMIUM  RESULTS 

Using  the  apparatus  schematically  shown  in  Fig.  2, 
samples  were  fabricated  with  Cr  lines  covering  an  area  of  up 
to  1  mmX0.40  mm.  Figure  3  shows  an  atomic  force  micro¬ 
scope  (AFM)  topograph  of  one  of  these  samples.  The  lines 
are  spaced  by  half  the  laser  wavelength,  212.78  nm.  The 
average  height  of  the  lines  in  Fig.  3  is  8±  1  nm,25  and  the  full 
width  at  half  maximum  (FWHM)  is  38 ±1  nm,  uncorrected 
for  AFM  tip  shape  (which  could  have  an  influence  in  this 
size  range).  The  evaporation  time,  using  a  modest  Cr  oven, 
was  10  min.  Although  the  AFM  cannot  distinguish  between 
bare  Si  and  Cr,  we  infer  that  there  is  a  thickness  of  Cr  in  the 
valleys  between  the  lines  in  this  sample,  based  on  measure¬ 
ments  of  the  total  atomic  flux.  We  estimate  this  background 
to  be  10 ±4  nm  thick.  A  complete  understanding  of  the  back¬ 
ground  is  still  to  be  established,  however  significant  contri¬ 
butions  include  16%  of  other  isotopes  of  Cr  that  do  not  in¬ 
teract  with  the  laser,  about  10%  Cr  atoms  that  decay  into  a 
metastable  5 D  level  and  no  longer  interact  with  the  laser,  and 
a  possible  high-velocity  tail  in  the  laser-cooled  transverse 
velocity  distribution. 

In  addition  to  the  one-dimensional  array  of  lines  shown 
in  Fig.  3,  a  two-dimensional  array  has  also  been  created.26 


FIG.  4.  Atomic  force  microscope  image  of  a  two-dimensional  array  formed 
by  laser-focused  atomic  deposition  of  Cr. 


Figure  4  shows  an  AFM  topograph  of  a  section  of  a  two- 
dimensional  array  of  Cr  “dots”  made  by  first  optically  col¬ 
limating  in  two  dimensions  and  then  using  two  standing 
waves  positioned  at  right  angles  to  each  other.  These  dots 
cover  an  area  of  approximately  100  /xmX200  yam  on  the 
sample,  have  a  FWHM  of  80±10  nm,  and  have  a  height  of 
13  ±  1  nm. 

While  the  extension  of  the  laser  focusing  process  to  two 
dimensions  may  seem  straightforward,  there  are  some  subtle¬ 
ties  that  must  be  understood.  When  two  standing  waves  that 
are  temporally  coherent  (e.g.,  originating  from  the  same  la¬ 
ser)  are  superimposed  upon  each  other  at  right  angles,  the 
resulting  intensity  pattern  will,  in  general,  depend  on  the 
relative  temporal  phase.  However,  for  the  special  situation  of 
orthogonal  linear  polarizations  (one  parallel  to  the  substrate, 
the  other  perpendicular),  this  dependence  is  eliminated,  al¬ 
lowing  the  laser  focusing  to  be  carried  out  without  stabilizing 
the  relative  phase  of  the  standing  waves. 


V.  METASTABLE  RARE  GASES 

Although  the  bulk  of  the  work  on  laser  focusing  of  at¬ 
oms  has  been  done  with  “direct- write”  materials  such  as 
sodium,  chromium,  and  aluminum,  a  new  possibility  has 
been  suggested  that  makes  use  of  metastable  rare  gases  to 
exposure  a  lithographic  resist.27  The  potential  for  this  ap¬ 
proach  lies  in  the  combination  of  lithography’s  ability  to 
work  with  a  wide  range  of  materials  with  the  atom  optics 
advantages  of  high  resolution,  parallel  fabrication,  and  low 
substrate  damage.  Metastable  rare  gases  are  both  accessible 
to  laser  manipulation  techniques,  and  they  also  have  internal 
energy  of  up  to  20  eV,  sufficient  to  chemically  alter  a  resist, 
yet  not  damage  a  substrate. 

The  ability  of  metastable  atoms  to  act  as  a  writing  tool 
on  a  resist  has  been  demonstrated  using  self-assembled 
monolayers  (SAMs)  of  alkanethiolates  on  gold-coated 
silicon.27  The  SAM  coating  acts  as  a  very  thin  resist,  pre¬ 
venting  etching  of  the  gold  when  it  is  placed  in  an  aqueous 
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FIG.  5.  Schematic  of  metastable  rare  gas  lithography  concept. 

solution  of  ferricyanide.  In  regions  where  metastables  have 
been  allowed  to  strike  the  surface,  the  SAM  is  damaged, 
allowing  the  etch  to  penetrate. 

So  far,  an  upper  bound  of  around  100  nm  has  been  set 
for  the  resolution  of  this  process  by  examining  the  edge 
roughness  of  a  physical  mask.  The  methods  of  laser  manipu¬ 
lation  have  yet  to  be  applied;  however,  work  is  ongoing,  and 
several  possibilities  exist,  using  either  1.083  fim  light  on  the 
He  (235->23P)  transition  or  811  nm  light  on  the  Ar 
(ls5-*2p9)  transition.  Metastable  Ar  opens  a  particularly 
interesting  additional  possibility  in  that  it  is  possible  to 
quench  the  metastable  state  using  laser  light  at  764  or  801 
nm.  This  allows  the  spatially  selective  removal  of  metastable 
atoms  from  the  beam  as  an  alternative  to  focusing  (see  Fig. 
5),  suggesting  the  possibility  of  significantly  less  background 
exposure.  Preliminary  estimates  indicate  that  this  quenching 
approach  may  result  in  features  as  small  as  10  nm,  though 
more  work  needs  to  be  done  to  investigate  this. 

VI.  FUTURE  RESEARCH 

We  have  only  begun  to  investigate  the  application  of 
atom  optics  to  the  manipulation  of  atoms  as  they  impact  a 
surface.  There  are  a  large  number  of  possibilities  that  could 
lead  to  exciting  new  fabrication  techniques.  Given  the  cur¬ 
rent  circumstances,  a  few  areas  for  future  improvement  can 
be  discussed,  though  many  more  may  become  apparent  as 
the  field  develops. 

Feature  size  is  one  area  where  improvement  can  be  an¬ 
ticipated.  Currently  features  as  small  as  38  nm  FWHM  have 
been  created,  but  calculations  of  the  focusing  process,  both 
semiclassical28  and  fully  quantum,29  predict  that  features  as 
small  as  10  nm  should  be  attainable.  This  reduction  in  fea¬ 
ture  size  will  most  probably  arise  from  an  improvement  in 
the  atomic  source:  reduction  of  the  velocity  spread,  and  still 
higher  levels  of  collimation,  appear  to  be  the  improvements 
that  will  help  the  most  in  this  case. 

The  ability  to  create  more  complex  patterns  is  also 
highly  desirable  if  the  process  is  to  become  useful  for  general 
nanostructure  fabrication.  To  this  end,  arrays  of  complex  pat¬ 
terns  can  be  created  by  using  the  current  two-dimensional 
process,  perhaps  with  higher  resolution,  and  simply  scanning 
the  substrate  during  deposition.  In  this  way  patterns  can  be 
“painted”  within  the  unit  cell  of  the  standing  wave,  and 


these  patterns  will  be  repeated  with  very  high  accuracy 
across  the  substrate.  Still  more  general  patterns  could  be  cre¬ 
ated  by  designing  a  more  complicated  optical  field  that  puts 
the  atoms  exactly  where  they  are  required. 

Another  avenue  for  exploration  is  the  possibility  of  ex¬ 
tending  the  process  to  other  atomic  species.  While  nanostruc¬ 
tures  of  other  materials  can  be  produced  by  using  the  meta¬ 
stable  rare  gas  process  discussed  above  or  using  Cr  as  a  mask 
for  reactive  ion  etching,  it  is  also  of  interest  to  ask  what  other 
materials  could  be  used  directly.  The  essential  characteristics 
are  that  the  atomic  species  be  relatively  easily  evaporated, 
and  that  there  be  a  resonance  transition  accessible  to  an 
available  laser  wavelength.  The  resonance  transition  must 
have  as  its  lower  state  one  that  has  a  significant  population  of 
atoms,  either  naturally  or  prepared  (as  in  the  case  of  meta¬ 
stable  atoms).  The  full  range  of  materials  has  not  yet  been 
explored,  however  it  appears  that  many  of  the  metallic  spe¬ 
cies  that  might  be  of  interest  have  resonant  transitions  in  the 
ultraviolet,  in  the  range  from  200  to  300  nm.  At  present  these 
wavelengths  are  difficult,  though  not  impossible,  to  access 
with  a  laser.  Nevertheless,  laser  technology  is  improving  rap¬ 
idly,  and  it  is  likely  that  in  the  future  these  atoms  will  be¬ 
come  accessible. 

The  application  of  these  new  techniques  to  the  fabrica¬ 
tion  of  magnetic  nanostructures  remains  in  the  realm  of  the 
future.  However,  the  unique  capabilities  inherent  in  these 
new  techniques  offer  several  advantages  when  compared 
with  other  lithographic  methods,  and  the  length  scale  of  their 
applicability  is  an  interesting  one  from  a  magnetic  perspec¬ 
tive.  We  plan  to  explore  the  use  of  this  method  for  magnetic 
nanostructure  fabrication  in  the  near  future. 
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Using  micron-level  photolithography,  we  have  prepared  a  set  of  patterned  multilayer  samples  which 
have  the  form  [Co/Cu/NiFeCo/Cu]XlO  and  which  permit  perpendicular  current  transport  through 
the  structure.  Based  on  vibrating  sample  magnetometry,  the  multilayer  stacks  show  a  loss  of  ^2  A 
of  magnetic  material  at  each  interface.  The  magnetoresistance  was  measured  as  a  function  of 
temperature,  magnetic  layer  thickness,  and  element  size  and  the  A R/R  values  range  up  to  8%  at  300 
K  and  18%  at  10  K.  The  thickness  dependent  data  are  modeled  using  an  extension  of  existing 
methods  and  can  be  fit  using  comparable  resistivity,  interface  resistance,  and  spin  asymmetry 
parameters.  The  magnetic  fringe  fields  of  the  elements  have  an  important  effect  on  the  observed  R 
vs  H  curves.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)22808-6] 


I.  INTRODUCTION 

The  strong  interest  in  the  giant  magnetoresistance 
(GMR)  effect  is  driven  both  by  the  opportunities  for  techno¬ 
logical  applications  and  by  purely  scientific  curiosity  about 
the  physical  basis  of  the  observed  effects.  In  the  work  re¬ 
ported  here,  we  have  attempted  to  make  a  contribution  to 
both  of  these  interests.1  The  perpendicular  transport 
geometry2  is  particularly  attractive  for  understanding  the 
GMR  effect  because  relatively  simple  theoretical  models  can 
be  applied  to  the  analysis.3"5  However,  unless  one  is  willing 
to  use  superconducting  leads  and  be  confined  to  low- 
temperature  measurements,  there  is  the  challenge  of  fabricat¬ 
ing  small  device  structures  on  the  scale  of  a  micron.  The 
fabrication  and  characterization  of  these  small  structures  is 
itself  of  technological  interest  for  incorporating  the  GMR 
effect  into  electronic  circuits  with  potential  use  as  sensors  or 
information  storage.  In  this  article,  we  report  the  procedures 
used  in  fabrication,  the  thermal  and  dimensional  dependence 
of  the  observed  effect  and,  finally,  some  physical  understand¬ 
ing  of  the  spin-polarized  transport  results  based  on  the  two 
current  models  for  perpendicular  transport  through  a  mag¬ 
netic  multilayered  structure  containing  two  different  ferro¬ 
magnetic  materials  in  alternating  sequence. 

II.  SAMPLE  FABRICATION  AND  MEASUREMENT 
TECHNIQUES 

The  samples  used  in  this  work  were  patterned  from  mul¬ 
tilayers  having  the  form  (NiFeCo/Cu/Co/Cu)XlO.  This  com¬ 
bination  of  materials  was  chosen  to  achieve  simultaneously  a 
sizable  intrinsic  GMR  and  distinctly  different  coercivities  for 
the  two  types  of  magnetic  layers,  maximizing  the  GMR  ef¬ 
fect.  We  chose  a  NiFeCo  permalloy  (65%  Ni,  15%  Fe,  20% 
Co)  and  pure  Co  which  have  coercivities  of  4  Oe  and 
roughly  300  Oe,  respectively. 


a)Now  at  Honeywell,  Inc.,  Plymouth,  MN  55441. 


Since  we  use  normal  metal  (Cu)  leads  to  permit  mea¬ 
surements  of  the  temperature  dependence  of  the  GMR,  the 
cross  sections  of  the  individual  elements  must  be  reduced  to 
micron  dimensions  to  achieve  adequate  element  resistances 
and  signal  strengths.  This  requires  the  use  of  photolitho¬ 
graphic  techniques,  with  careful  attention  to  lead  design. 
This  approach  was  first  demonstrated  by  Gijs  et  al.6  for  the 
multilayer  system  [Fe/Cr]^.  They  found  that  accurate  data 
could  only  be  obtained  using  their  lithographic  pattern  if 
postprocess  laser  trimming  was  used  to  exclude  current  from 
the  voltage  leads.7,8 

Figure  1(a)  is  a  scanning  electron  micrograph  of  a  pat¬ 
terned  microstructure  used  in  the  present  study.  The 
multilayer  stack  is  in  the  center  of  the  “X”  and  in  this  case  is 
a  2.4  /jmX2A  ptm  square  with  a  1.2  /x m  diam  contact  area. 
To  prevent  current  from  entering  the  voltage  leads  it  is  es¬ 
sential  for  all  leads  approaching  the  stack  to  be  as  narrow  as 
the  lithography  permits. 

Using  Si  substrates  coated  with  a  2000  A  layer  of  Si3N4, 
the  multilayer  films  were  grown  by  rf  sputter  deposition.  The 
metal  deposition  begins  with  50  A  NiFeCo  for  adhesion, 
then  2500  A  Cu  which  serves  as  the  bottom  Cu  electrode  in 
Fig.  1.  Next  comes  the  magnetic  multilayer  [/  A  NiFeCo/ 
(100-0  A  Cu  It  A  Co/(100-r)A  Cu]Xl0  with  t=  10,  20,  40, 
50,  and  60  for  the  five  wafers  studied.  Thus  the  number  of 
ferromagnetic/nonferromagnetic  interfaces  and  the  total 
thickness  of  each  multilayer  is  held  constant  throughout  the 
series.  Finally,  the  multilayer  is  capped  with  750  A  of  Cu.  All 
metals  were  sputter  deposited  at  20  m  Torr  of  Ar  with  the 
substrate  1.5  in.  from  the  target. 

The  samples  are  then  photolithographically  processed. 
Details  on  this  aspect  of  the  sample  preparation  were  pre¬ 
sented  earlier.1  Here  we  only  point  out  that  rf  sputtered  Si3N4 
is  used  as  the  insulation  between  the  top  and  bottom  leads 
and  that  the  top  leads  consist  of  1500  A  of  Cu  followed  1500 
A  of  A1098Cu002  (for  wire  bond  adhesion).  This  last  3000  A 
is  wet  etched  to  define  the  top  electrical  leads,  I  +  and  V +  in 
Fig.  1.  The  minimum  contact  window  diameter  achieved  was 
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FIG.  1.  Perpendicular  current  sample  geometry:  (a)  Scanning  electron  mi¬ 
crograph  of  an  element  with  a  multilayer  which  is  2.4  yumX2.4  jxm  and  0.2 
/xm  thick.  The  multilayer  stack  is  located  at  the  center  of  the  “X”  formed  by 
the  leads,  (b)  A  vertical  section  through  the  element  at  the  location  marked 
by  the  arrows  in  (a).  The  layer  of  AlCu  on  top  of  the  upper  Cu  lead  facili¬ 
tates  wire  bonding.  The  current  contact  is  1.2  [x m  across. 


1.2  /mm  with  a  mask  alignment  tolerance  of  0.5  /urn.  Other 
samples  with  contact  window  diameters  up  to  10  /mm  were 
produced  simultaneously  by  the  lithography. 

The  magnetic  properties  of  the  multilayers  were  mea¬ 
sured  at  room  temperature  using  vibrating- sample  magne- 
tometry  (VSM)  to  determine  the  M  vs  H  loops  and  absolute 
moments,  and  35  GHz  ferromagnetic  resonance  (FMR)  to 
obtain  additional  anisotropy  information.  Transport  measure¬ 
ments  were  carried  out  under  computer  control  using  a 
lock-in  amplifier  with  the  internal  oscillator  serving  as  the 
current  source.  The  currents  are  in  the  mA  range  and  do  not 
generate  fields  large  enough  to  effect  the  data.  The  magneto¬ 
resistance  ratios  (MR  =  AR/R)  found  range  between  5%  and 
8%  at  room  temperature  and  up  to  18%  at  liquid  helium 
temperatures.  In  terms  of  magnetoresistance  (MR)  per  mag¬ 
netic  layer,  these  values  compare  well  with  previous  studies 
of  perpendicular  current  magnetoresistance  on  both  sputtered 
and  molecular  beam  epilaxy  (MBE)  grown  samples.8 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Magnetic  properties 

We  will  treat  the  magnetic  properties  of  the  samples 
prior  to  the  magnetoresistance.  The  M  vs  H  loops  of  8  mm 
square  pieces  from  the  wafers  containing  10  or  60  A  thick 
ferromagnetic  (FM)  layers  are  shown  in  Fig.  2.  Note  that  for 
10  A  thick  layers  there  is  a  clear  distinction  between  the 


FIG.  2.  Magnetization  vs  applied  field  loops  of  8  mm  square  pieces  taken 
from  multilayer  wafers  containing  ferromagnetic  layers  either  10  or  60  A 
thick. 


switching  of  the  NiFeCo  at  about  5-10  Oe  and  that  of  the  Co 
at  about  300  Oe  as  expected.  For  60  A  layers,  however,  no 
such  distinction  is  apparent.  Rather,  the  two  types  of  FM 
layers  appear  to  behave  as  a  single  or  coupled  system  with  an 
intermediate  coercive  field.  We  do  not  believe  that  the  cou¬ 
pling  is  via  the  Cu  interlayer  because  very  similar  behavior  is 
seen  even  for  40  A  thick  FM  layers,  in  which  case  there  is  60 
A  Cu  between  them.  We  suggest  that  this  apparent  coupling 
is  due  to  local  stray  fields  associated  with  the  interface 
roughness  of  the  magnetic  layers.  Such  stray  fields  would  be 
proportional  to  the  FM  thickness  which  is  consistent  with 
increased  coupling  found  for  thicker  magnetic  layers.  Note 
that  for  such  large  area  samples  the  stray  fields  due  to  edge 
poles  are  not  significant.  This  is  in  contrast  to  the  situation 
for  micron-sized  samples,  as  we  will  see  later. 

The  magnetic  moment  of  the  8  mm  square  pieces  is 
shown  in  Fig.  3  as  a  function  of  the  total  magnetic  thickness 
20 1  of  the  stack.  The  excellent  linear  fit  shows  that  the  mag¬ 
netization  in  the  interior  of  each  FM  layer  is  constant.  Fur¬ 
thermore,  the  slope  agrees  quantitatively  with  that  expected 
from  the  bulk  magnetizations.  However,  the  negative  inter- 
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FIG.  3.  Total  magnetic  moment  of  8  mm  square  pieces  taken  from 
multilayer  wafers  as  a  function  of  the  total  magnetic  layer  thickness  20 1  of 
the  multilayer  stack.  The  solid  line  is  a  linear  least-squares  fit  to  the  data. 
Note  the  negative  intercept  which  implies  a  reduced  moment  in  each  layer. 
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35.1  GHz  FMR 


FIG.  4.  Ferromagnetic  resonance  signals  from  multilayers  containing  mag¬ 
netic  layers  either  10  or  60  A  thick.  The  signals  due  to  the  Co  layers  are 
labeled  as  Co  and  those  due  to  the  NiFeCo  permalloy  as  PM. 

cept  indicates  a  net  loss  of  magnetic  moment.  When  the  50  A 
seed  layer  is  taken  into  account,  one  finds  that  there  is  an 
average  loss  of  about  2  A  of  ferromagnetic  material  at  each 
interface.  This  is  most  likely  due  to  the  formation  of  a  non¬ 
magnetic  interfacial  alloy. 

The  FMR  signals  from  multilayers  containing  10  and  60 
A  FM  layers  are  shown  in  Fig.  4.  Typical  sample  areas  are 
about  15  mm2  for  these  measurements.  Note  that,  while  in 
both  cases  the  NiFeCo  and  the  Co  FMR  signals  are  distinct, 
there  is  a  major  change  in  the  resonance  field  for  the  Co  layer 
as  the  magnetic  thickness  is  increased.  For  in-plane  FMR 
measurements,  the  principal  relevant  parameter  which  influ¬ 
ences  the  resonance  field  is  the  sum  of  4  ttM  and  the  perpen¬ 
dicular  anisotropy  2 KJM.  The  value  of  this  sum  for  Co  is 
given  for  the  complete  set  of  layer  thicknesses  in  Table  I. 
Since  the  data  of  Fig.  3  indicate  that  the  magnetization  of  the 
interior  of  each  magnetic  layer  has  essentially  the  bulk  value, 
the  variation  with  FM  thickness  arises  entirely  from  the  per¬ 
pendicular  anisotropy.  The  deduced  values  of  2 KJM  are 
also  given  in  Table  I  and  indicate  an  out-of-plane  anisotropy 
which  increases  strongly  as  the  thickness  decreases.  This  is 
consistent  with  well-known  results  for  thin  films  of  Co. 

B.  Magnetoresistive  properties 

We  define  AR  as  the  difference  between  the  maximum 
and  minimum  sample  resistances  Rmax  and  Rmiri  as  the  mag¬ 
netic  field  is  swept  from  positive  to  negative  saturation.  The 
value  Rmin  occurs  at  saturation  and  corresponds  to  the  paral¬ 
lel  moment  resistance  Rp .  Ideally,  Rmax  corresponds  to  anti¬ 
parallel  resistance  Rap,  although  the  true  antiparallel  case 
seldom  seems  to  be  achieved  fully  in  our  samples.  The  tem¬ 
perature  dependence  of  A R  and  Rp  are  shown  in  Fig.  5  for  a 
sample  having  60  A  magnetic  thickness  and  the  minimum 
contact  area  studied.  The  saturated  Rp  has  a  very  linear  de- 


TABLE  I.  Values  of  4? t  M  +  2KxIM  and  2 KJM  deduced  from  35.1  GHz 
ferromagnetic  resonance  data  on  multilayer  samples  with  the  magnetic  layer 
thicknesses  shown.  A  negative  value  favors  M  out  of  plane. 


t{ A) 

10 

20 

40 

50 

60 

4irM  +  2K±/M  (kOe) 

4.3 

7.1 

12.8 

13.4 

14.4 

2  KJM  (kOe) 

-14.0 

-11.1 

-5.4 

-4.9 

-3.8 

FIG.  5.  The  temperature  dependence  of  the  resistances  Rp  and 
AR  =  (Rap-Rp)  for  a  1.2  ^m  diam  multilayer  stack.  The  A R  data  are  fit  to 
the  form  R0(l—aT2)  while  the  Rp  data  vary  linearly  with  temperature. 


pendence  on  T  over  an  extended  temperature  range  while 
A R  appears  to  vary  as  R0(  1  -  aT2) .  A  similar  T2  dependence 
of  the  quantity  [(Rap—Rp)Rap]°5  was  found  for  the  Fe/Cr 
system  and  ascribed  to  magnon  scattering.8 

The  GMR  ratio  A RIRp  (not  shown)  decreases  nearly 
linearly  as  T  increases.  The  only  previous  CPP  temperature- 
dependent  GMR  data  are  for  Fe/Cr  and  Co/Cu.6-8  Neither  of 
these  systems  show  the  linear  T  dependence  found  for  our 
NiFeCo/Cu/Co/Cu  multilayers,  although  the  fractional 
change  in  A  R/Rp  between  liquid  helium  and  room  tempera¬ 
ture  found  here,  between  2.1  and  3.9  for  different  stacks,  is 
roughly  the  same  magnitude  as  for  uncoupled  multilayers  in 
that  earlier  work.  It  is  clear  that  the  temperature  dependence 
of  Rp  dominates  the  GMR  behavior  in  our  samples. 

The  magnetic  field  dependence  of  the  sample  resistance 
is  shown  in  Fig.  6  for  a  set  of  2.4  yumX2.4  ^tm  square 
multilayer  stack  samples  for  different  thicknesses  of  the 
magnetic  layers.  The  half-maximum  width  of  these  curves 
shows  an  approximately  linear  increase  with  increasing 
thickness,  with  a  significant  shape  asymmetry  for  20  and  10 
A  thickness.  The  RlRp  maximum  for  the  thicker  layers  oc¬ 
curs  at  -100  Oe,  and  their  curves  are  symmetric  about  this 
value.  In  the  absence  of  any  coupling  between  the  magnetic 
layers,  one  would  expect  that  at  zero  applied  field  H  all  of 
the  magnetic  layers  would  have  their  moments  parallel,  left 
in  remanance  in  a  negative  direction  after  lowering  the  nega¬ 
tive  Hap  from  saturation.  Thus  R/Rp  should  remain  equal  to 
1,  the  saturation  value.  This  condition  only  begins  to  be  ap¬ 
proximated  for  the  thinnest  of  our  magnetic  layers  when  the 
sample  edge  fringe  fields  are  a  minimum.  Since  the  separa¬ 
tion  via  Cu  layers  is  large  enough  to  preclude  exchange  cou¬ 
pling,  the  magnetoresistance-deduced  anti-alignment  which 
sets  in  as  the  applied  field  magnitude  decreases  is  due  pre¬ 
dominantly  to  fringe-field  interlayer  coupling. 

One  can  obtain  a  first-order  estimate  of  these  fields  by 
assuming  a  uniform  pole  distribution  on  the  edges  of  the 
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FIG.  6.  The  magnetic  field  dependence  of  the  sample  resistance  for  2.4 
pm  X  2.4  pm  multilayer  stacks.  (The  magnetic  field  was  swept  from  nega¬ 
tive  to  positive  values.)  The  ferromagnetic  layer  thicknesses  are  indicated  on 
the  various  traces  which  are  offset  vertically.  The  linear  extrapolations  of  the 
leading  edge  of  these  traces  are  shown  and  define  the  onset  fields  Hon .  Inset: 
Hon  plotted  as  a  function  of  tF.  The  solid  line  is  calculated  from  Eq.  (2) 
using  bulk  ferromagnetic  parameters. 


magnetic  element  perpendicular  to  the  magnetization  vector. 
In  the  two-dimensional  approximation,  where  the  magnetic 
element  dimension  in  the  plane  perpendicular  to  the  magne¬ 
tization  direction  is  infinite,  the  dimension  in  the  plane  along 
the  magnetization  (x  direction)  is  /  and  the  thickness  of  the 
magnetic  layers  (measured  in  the  y  direction)  is  r,  one  ob¬ 
tains  for  the  magnetic  field  x -component  at  (x,y)  due  to  the 
poles  at  ±//2: 


Hx(x,y)~  —4tM 


/-2x 


+ 


4y2  +  (/— 2x)2 
/+2x 


4y2  +  (/+2x)2 


(for  t<f). 


(1) 


where  (0,0)  is  at  the  center  of  the  magnetic  film  midway 
between  the  ends  and  also  its  top  and  bottom  surfaces.  If  the 
distance  y  to  the  neighboring  magnetic  layer  is  much  less 
than  /,  then  one  obtains9 


Hx(x,y)  =  -W 


1 1  \ 

1 

\7J 

1-4-x2//2 

(2) 


In  this  limit,  which  corresponds  closely  to  our  samples, 
there  is  no  dependence  upon  separation,  and  for  \x\<//2 
(i.e.,  away  from  the  ends),  Hx  should  vary  linearly  with  layer 
thickness  and  inversely  with  the  element  size.  This  is  exactly 
what  is  observed  from  the  inset  in  Fig.  6,  which  plots  the 
observed  magnetoresistance  onset  field  Hon  (due  to  the  initial 
reversal  of  the  permalloy  layers)  versus  magnetic  film  thick¬ 
ness  and  compares  the  data  to  calculations  based  on  Eq.  (2). 
The  agreement  is  quite  good.  Quantitatively,  the  calculated 
field  at  a  permalloy  layer  from  all  20  magnetic  layers  (2.4 
fi m  square,  60  A  thick)  is  430  Oe.  For  the  10  A  layer 
sample,  this  field  is  only  70  Oe  and  one  can  begin  to  see  a 


situation  in  which  an  isolated  permalloy  element  would 
switch  (^10  Oe).  The  long  saturation  tail  on  the  10  A  curve 
is  largely  due  to  the  coercive  field  of  the  Co  layer.  These 
approximate  calculations  have  been  verified  by  two- 
dimensional  finite-element  analysis.  Both  calculations,  of 
course,  overestimate  the  actual  field  and  three-dimensional 
finite-element  analysis  will  be  required  for  more  precise  field 
values. 

IV.  EFFECT  OF  TWO  TYPES  OF  MAGNETIC  LAYERS 
ON  THE  MAGNETORESISTANCE 

One  of  the  principal  advantages  of  measuring  perpen¬ 
dicular  GMR  is  the  ability  to  separate  the  contributions  from 
spin  dependent  bulk  and  interface  scattering.  In  this  geom¬ 
etry,  if  the  spin  diffusion  length  is  much  longer  than  the  layer 
thicknesses,  then  the  currents  carried  by  up  and  down  spin 
electrons  are  independent  and  do  not  mix.  Therefore,  the 
resistance  encountered  by  an  up  or  down  spin  electron  at 
each  layer  is  simply  added  in  series  to  determine  the  total 
resistance  for  that  spin.  The  two  expressions  are  then  com¬ 
bined  as  parallel  resistors  to  obtain  the  total  resistance  of  the 
multilayer.  This  technique  was  initially  proposed  by  Lee 
et  al?A  and  later  justified  by  Valet  and  Fert.5  Given  this  ap¬ 
proach,  the  expression  for  the  GMR  in  our  samples,  which 
contain  two  distinct  types  of  magnetic  layers,  is  derived  as 
follows. 

Within  a  ferromagnetic  layer  F  (Co  or  alloy),  the  resis¬ 
tivity  encountered  by  an  electron  whose  spin  is  parallel  (an¬ 
tiparallel)  to  the  magnetic  moment  is  p^)  =  2pF/(l  + 

(  -  )/3F).  Here  pF  is  the  ordinary  resistivity  and  fiF  is  the 
bulk  scattering  asymmetry  parameter  to  be  extracted  from 
the  data.  For  Cu  interlayers  Pf  ~Pj“2pCu  and  the  correspond¬ 
ing  resistance  for  any  layer  is  just  R  —  p^^tlA  where  t  is  its 
thickness  and  A  the  area  of  the  contact  window  of  the 
multilayer.  Similarly,  the  resistance  at  each  F/Cu  interface  is 
R  =  2RF/Cu/(l  +  (-)yF/Cu)  with  yF/Cu  being  the  interface  scat¬ 
tering  asymmetry  parameter.  One  then  obtains  the  rather 


complex  but  symmetric  expression 

A(Rap-Rp)  =  4NXlX2IZ ,  (3a) 

X 1  =  Pco^  Co/^Co  +  2  A  Rqo/Cu  TCo/Clp  (3b) 

^2“Pal?alAil+  2A/?*1/Cuyal/Cu,  (3c) 

Z  —  Pco*  Co  +  2  A  7?  Q)/Cu  +  Palpal  +  2A  R  ^/Cu  +  2  pCufCu 

+ARcon/V.  (3d) 


Here  al  stands  for  the  NiFeCo  alloy,  N  is  the  number  of 
repeats  of  the  basic  four  layer  unit,  Rcon  is  the  contact  resis¬ 
tance  between  the  leads  and  the  stack,  and  we  use  the  stan¬ 
dard  abbreviations  p*  =  pF/(  1  —  fi2F)  and  R*/Cu 

=  jKf/Cu/(1  —  7f/Cu)* 

In  the  present  case,  the  fortuitous  cancellation,  which 
occurred  in  the  earlier  derivation3  of  the  quantity 
[(Rap~Rp)Rapl°'5  f°r  stacks  containing  only  one  type  of 
magnetic  layer  and  which  allows  the  bulk  and  interface  spin 
scattering  to  be  separated  easily,  does  not  occur  for  GMR 
stacks  containing  two  types  of  magnetic  layers.  Nevertheless, 
it  is  still  possible  to  compare  Eq.  (3)  with  the  experimental 
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FIG.  7.  Thickness  dependence  of  A(Rap-~Rp)  at  4.2  K  for  a  range  of  mag¬ 
netic  layer  thicknesses  tF .  Data  are  from  circular  shaped  multilayers  with  2 
/Am  diam  contact  windows.  The  solid  and  dashed  lines  are  calculated  from 
Eq.  (3)  using  the  spin  dependent  conductivity  parameters  for  Co  given  in  the 
text  plus  the  following  parameters  associated  with  the  NiFeCo  alloy  (al) 
layers:  /3ai=0.46,  yai/cu=0-30>  AflCon=0.05  fCl  m2  (solid  line)  and 
/?a]=0.46,  yai/Cu=0-l7>  4tfCon=0.00  ffl  m2  (dashed  line). 


results.  In  making  this  comparison  we  use  the  literature  val¬ 
ues  of  the  Michigan  State  group:10  pCo= 6.5  /nil  cm,  pCu=0.7 
pH  cm,  /3Co=0.50,  7co/cu=0-76>  ARCo/Cu=0.21  /H  m2  and 
our  independently  measured  value  of  pal-12.9  pil  cm.  Fits 
to  the  A  A/?  data  are  shown  in  Fig.  7  using  the  parameters 
given  in  the  figure  caption  and  assuming  ARa]/Cu=ARCo/Cu 
since  the  interface  resistance  in  the  literature  does  not  vary 
much  from  system  to  system.10 

The  principal  conclusion  we  come  to  from  the  data  and 
fits  shown  in  Fig.  7  is  that  spin  dependent  bulk  scattering  is 
important  in  the  case  of  the  NiFeCo  permalloy  used  in  the 
present  samples  and  is  the  main  cause  of  the  clear  thickness 
dependence  observed  for  A(Rap-Rp).  Because  our  mask  set 
did  not  allow  reliable  measurements  of  the  contact  resistance 
between  the  device  leads  and  the  magnetic  stacks,  we  cannot 
determine  yaj/Cu  accurately  but,  by  determining  what  combi¬ 
nations  of  fitting  parameters  yield  reasonable  fits,  we  can 
conclude  that  it  is  no  greater  than  0.35  (see  Fig.  7  caption.) 
Hence,  it  appears  that  the  spin  dependent  scattering  at  the 
NiFeCo/Cu  interfaces  is  significantly  smaller  than  is  the  case 
for  Co/Cu  interfaces. 


V.  LATERAL  SIZE-DEPENDENT  EFFECTS 

There  are  two  factors  dependent  on  the  lateral  size  of  the 
samples  which  need  brief  discussion,  viz.,  current  nonunifor¬ 
mity  and  stray  magnetic  fields.  Because  the  lateral  width  of 
the  sample  contact  windows  is  always  at  least  several  times 
the  thickness  of  the  Cu  current  leads  and  the  lead  thickness  is 
several  times  the  magnetic  stack  thickness,  one  cannot  avoid 
some  nonuniform  distribution  of  current  in  the  device  ele¬ 
ment.  As  a  result,  we  have  emphasized  data  only  from  the 
samples  having  the  smallest  lateral  dimensions,  typically,  1.2 
or  2  pm.  Furthermore,  since  the  temperature  dependence  of 
the  multilayer  stack  resistance  is  much  less  than  that  of  the 
Cu  leads,  the  nonuniformity  is  temperature  dependent.  Al¬ 


though  they  lie  outside  the  scope  of  the  present  paper,  further 
experimental  information  on  the  impact  of  this  nonunifor¬ 
mity  can  be  found  in  Ref.  1. 

Finally,  the  lateral  dimensions  of  the  magnetic  stack  part 
of  the  sample  structures  affects  the  stray  magnetic  fields  gen¬ 
erated  by  the  edge  poles  of  the  stack  as  is  apparent  from  Eq. 
(2).  Our  measurements  of  the  magnetic  field  dependence  of 
the  magnetoresistance  of  structures  with  60  A  thick  magnetic 
layers  show  that  the  width  at  half-maximum  of  the  R(H)  vs 
H  traces  (similar  to  those  in  Fig.  6)  decreases  with  increasing 
magnetic  stack  diameter  in  reasonable  agreement  with  the 
expectations  of  Eq.  (2).  This  again  emphasizes  the  necessity 
of  finding  a  means  of  controlling  the  stray  fields  of  the  ele¬ 
ments  before  submicron  samples  can  be  prepared  with  rea¬ 
sonable  switching  fields. 

VI.  CONCLUSIONS 

In  this  study  of  perpendicular  transport  in  lithographi¬ 
cally  defined  devices  several  important  issues  have  become 
clear.  First,  it  is  possible  with  standard  procedures  to  fabri¬ 
cate  device  structures  with  lateral  dimensions  of  about  1  /x m. 
Above  these  dimensions,  when  using  conventional  materials 
(e.g.,  Cu)  for  leads,  obtaining  uniformly  distributed  currents 
is  a  challenge.  At  these  dimensions,  however,  the  magnetic 
fringing  fields  from  dipoles  at  the  film  edges  become  signifi¬ 
cant  and  act  to  depolarize  the  magnetic  structure.  This  can 
lead  to  an  antialigned  state  at  zero  field  even  for  nonmag¬ 
netic  spacer  layers  more  than  sufficient  to  eliminate  any  ex¬ 
change  coupling.  The  temperature  dependence  of  the  GMR 
in  our  samples  arises  largely  from  the  temperature  depen¬ 
dence  of  the  resistance  itself,  with  only  small  changes  in  the 
magnetoresistance.  We  find  some  loss  of  moment  in  the  mag¬ 
netic  layers  which  we  attribute  to  about  2  A  of  alloying  at 
each  magnetic  interface.  Finally,  analyzing  our  data  within 
the  framework  of  the  two-current  model,  we  find  our  results 
are  consistent  with  the  published  data  on  the  interface  and 
bulk  scattering  obtained  by  others10  for  systems  containing 
two  different  ferromagnetic  layers. 

Note  added  in  proof:  The  authors  have  learned  that  a 
version  of  the  magnetoresistance  model  involving  two  paral¬ 
lel  chains  of  resistors,  one  for  each  spin,  was  published  prior 
to  the  work  of  Refs.  3  and  4  by  S.  Zhang  and  R  M.  Levy  [J. 
Appl.  Phys.  69,  4786  (1991)]. 


ACKNOWLEDGMENTS 

The  authors  thank  M.M.  Miller  for  the  finite  element 
magnetic  modeling.  W.  Vavra  acknowledges  support  by  the 
National  Research  Council  Postdoctoral  Associate  Program. 
This  work  is  supported  in  part  by  the  Advanced  Research 
Projects  Agency. 

!W.  Vavra,  S.  F.  Cheng,  A.  Fink,  J.  J.  Krebs,  and  G.  A.  Prinz,  Appl.  Phys. 
Lett.  66,  2579  (1995).  This  paper  provides  added  information  on  the 
samples  studied  here. 

2W.  P.  Pratt,  Jr.,  S.-F.  Lee,  R.  Loloee,  P.  A.  Schroeder,  and  J.  Bass,  Phys. 
Rev.  Lett.  66,  3060  (1991). 

3S.  F.  Lee,  W.  P.  Pratt,  Jr.,  R.  Loloee,  P.  A.  Schroeder,  and  J.  Bass,  Phys. 
Rev.  B  46,  548  (1992). 


6088 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Krebs  et  al. 


4S.  F.  Lee,  W.  P.  Pratt,  Jr.,  Q.  Yang,  P.  Holody,  R.  Loloee,  P.  A.  Schroeder, 
and  J.  Bass,  J.  Magn.  Magn.  Mater.  118,  LI  (1993). 

5T.  Valet  and  A.  Fert,  Phys.  Rev.  B  48,  7099  (1993). 

6M.  A.  M.  Gijs,  S.  K.  J.  Lenczowski,  and  J.  B.  Giesbers,  Phys.  Rev.  Lett. 
70,  3343  (1993). 

7M.  A.  M.  Gijs,  J.  B.  Giesbers,  S.  K.  J.  Lenczowski,  and  H.  H.  J.  M. 
Janssen,  Appl.  Phys.  Lett.  63,  111  (1993). 


8M.  A.  M.  Gijs,  J.  B.  Giesbers,  M.  T.  Johnson,  J.  B.  F.  aan  de  Stegge,  H.  H. 
J.  M.  Janssen,  S.  K.  J.  Lenczowski,  R.  J.  M.  van  de  Veerdonk,  and  W.  J. 
M.  de  Jonge,  J.  Appl.  Phys.  75,  6709  (1994). 

9R.  I.  Josephs  and  E.  Schlomann,  J.  Appl.  Phys.  36,  1579  (1965). 

10  W.  P.  Pratt,  Jr.,  S.-F.  Lee,  P.  Holody,  Q.  Yang,  R.  Loloee,  J.  Bass,  and  P.  A. 
Schroeder,  J.  Magn.  Magn.  Mater.  126,  406  (1993). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Krebs  et  a!.  6089 


Arrays  of  multilayered  nanowires  (invited) 

B.  Doudin,  A.  Blondel,  and  J.-Ph.  Ansermet 

Institut  de  Physique  Experimental,  E  PFL,  1015  Lausanne,  Switzerland 

Multilayered  Co/Cu  wires  with  a  diameter  of  80  nm  and  a  length  of  6  pm  were  produced  by 
electrodeposition  in  nanoporous  polycarbonate  membranes.  Their  magnetoresistance  has  been 
measured  in  a  geometry  where  the  current  was  perpendicular  to  the  layer  plane.  The  anisotropic  part 
of  the  magnetoresistance  was  limited  to  1.5%.  The  study,  for  layer  thicknesses  ranging  from  3  to  100 
nm  interpreted  in  terms  of  the  Valet  and  Fert  model,  gave  estimates  of  the  spin  dependent  bulk  and 
interface  resistivities  and  their  change  with  temperature.  The  large  Co  bulk  resistivity  value,  caused 
by  a  large  amount  of  Cu  impurities,  limited  the  magnetoresistance  in  our  samples  to  20%  at  room 
temperature  and  30%  at  20  K.  The  Cu  spin  flip  mean  free  path  was  found  to  be  temperature 
independent  and  determined  by  scattering  at  Co  impurities  in  the  Cu  layer.  It  was  measured  for  two 
sets  of  samples  with  different  amounts  of  Co  impurities.  ©  1996  American  Institute  of  Physics . 
[S0021-8979(96)22908-2] 


I.  INTRODUCTION 

The  study  of  the  large  negative  magnetoresistance  (MR) 
in  magnetic  multilayers  in  a  geometry  where  the  current  is 
perpendicular  to  the  interfaces  (CPP-MR)  is  an  experimental 
challenge,  which  has  been  overcome  by  ultrasensitive  volt¬ 
age  measurements  at  low  temperatures1  or  by  making  pillar 
structures  by  lithography.2  The  possibility  of  making  multi¬ 
layered  wires  by  electrodeposition  with  a  diameter  smaller 
than  100  nm  and  a  length  of  a  few  microns  opened  the  pos¬ 
sibility  of  measuring  the  CPP-MR  as  a  function  of  tempera¬ 
ture  on  samples  with  resistance  values  reaching  hundreds  of 
ohms.3  In  contrast  to  the  geometry  where  the  current  is  par¬ 
allel  to  the  layer  plane,  the  CPP-MR  is  expected  to  be  larger4 
and  the  data  can  be  explained  by  adding  the  resistances  of 
the  layers  and  the  interfaces  in  a  two-current  model.4,5  This 
model  was  improved  by  Valet  and  Fert6  by  introducing  the 
concept  of  spin  diffusion  lengths  (SDL).  This  quantity  is  a 
measure  of  the  length  scale  over  which  the  spin  accumula¬ 
tion  at  the  interfaces  relaxes  in  the  ferromagnetic  and  neutral 
layers.  The  experimental  results  of  the  Michigan  State  Uni¬ 
versity  (MSU)  group  on  sputtered  samples  showed  that  the 
spin  dependent  resistivities  of  the  bulk  and  the  interface  of 
the  ferromagnetic  layers  both  contributed  to  the  CPP-MR 
and  that  the  SDL  of  the  neutral  layer  could  be  modified  by 
the  introduction  of  impurities.5,7  We  used  a  similar  approach 
of  getting  spin  dependent  scattering  parameters  although 
with  totally  different  samples.  We  made  a  series  of  samples 
with  equal  Cu  and  Co  thicknesses  (constant  bulk  resistivity) 
and  measured  the  CPP-MR  at  low  and  ambient  temperature. 
We  used  the  two-current  model  to  deduce  the  spin  asymme¬ 
try  parameters.  We  also  took  advantage  of  the  versatility  of 
the  electrodeposition  technique:  we  varied  the  deposition 
conditions  of  the  Cu  to  change  the  amount  of  Co  impurities 
in  the  Cu  layers.  The  change  of  the  CPP-MR  values  revealed 
that  the  interface  spin  asymmetry  was  also  modified.  The  Co 
impurities  played  the  role  of  spin-flip  scattering  centers,  from 
which  the  Cu  SDL,  expressed  in  a  free  electron  model,  cor¬ 
responded  to  our  observations. 

II.  SAMPLE  PREPARATION 

The  technique  of  electrodeposition  of  the  Co/Cu  multi¬ 
layers  in  nanoporous  membranes  has  been  previously 


described.8  In  a  single  bath  electrodeposition  technique,  we 
apply  a  large  potential  difference  (with  respect  to  a  Ag/AgCl 
reference  electrode)  VCo  to  deposit  a  majority  of  Co  and  a 
smaller  potential  difference  VCu  to  deposit  Cu.  The  concen¬ 
tration  of  Cu  ions  in  the  electrolyte  is  minimized  to  limit  the 
amount  of  Cu  co-deposited  with  the  Co.  The  energy  disper¬ 
sive  x-ray  spectroscopy  (EDS)  analysis  made  by  electron  mi¬ 
croscopy  (Hitachi  HF200  with  Norian  Voyager  EDS  system) 
revealed  that  the  Co  had  15  ±3%  of  Cu  impurity  content.  The 
Cu  being  more  noble  than  Co,  the  use  of  a  small  potential 
VCu  should  ensure  pure  Cu  layers.  In  fact,  there  is  some  Co 
co-deposited  with  Cu.  Careful  EDS  measurements  performed 
on  Cu  wires  deposited  at  —0.300  V  (set  1)  and  —0.600  V  (set 
2)  showed  that  some  fraction  p  of  Co  impurities  was  present 

p(  ~  0.3  V)  =  0.50±  0. 15% ,  p(-  0.6V)  =  1.0±  0.3% . 

The  uncertainties  correspond  to  the  variation  of  the  amount 
of  impurities  between  wires  of  the  same  batch.  For  both  sets, 
we  used  the  same  electrodeposition  conditions  for  the  Co 
layers,  deposited  at  1.000  V.  As  the  voltage  transition  is  less 
sharp  in  set  2  than  in  set  1,  it  could  be  expected  that  the 
quality  of  the  Co/Cu  interface  was  different  in  both  sets. 

The  total  number  of  layers  in  a  wire  filling  a  membrane 
of  thickness  6  pm±0.6  pm  could  be  estimated  by  counting 


-15  -10  -5  0  5  10  15 
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FIG.  1.  CPP-MR  of  Co/Cu  wires  with  Co  and  Cu  thicknesses  of  6(±2)  nm. 
The  applied  field  was  parallel  to  the  membrane  plane. 
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FIG.  2.  CPP-MR  at  5  K  for  two  orientations  of  the  field  with  respect  to  the 
membrane.  The  sample  was  the  same  as  in  Fig.  1.  The  ratio  is  defined  as 
A  R/R(°°). 


the  number  of  voltage  cycles  until  the  current  would  increase 
when  the  membrane  was  filled  and  a  crust  would  begin  to 
form.  An  alternative  measure  of  the  number  of  layers  and 
their  thickness  came  from  saturation  magnetization  measure¬ 
ments  combined  with  the  relative  amount  of  Co  determined 
by  EDS.  We  estimated  the  precision  in  the  control  of  the 
growth  of  the  layers  to  be  limited  to  variations  of  about  2  nm 
along  the  wires  or  between  wires  of  the  same  membrane. 
Taking  advantage  of  the  roughness  of  the  membrane  (100- 
200  nm),  we  stopped  the  deposition  at  the  beginning  of  the 
current  increase,  allowing  a  small  fraction  of  the  wires  to 
reach  the  surface.  We  could  thus  glue  gold  wires  with  silver 
epoxy  on  a  large  surface  of  the  sample  (a  few  mm2),  keeping 
a  small  number  of  wires  connected.  We  measured  samples 
with  resistance  values  from  1  to  400  f 1,  with  a  current  den¬ 
sity  of  typically  107  A/m2.  Contacts  were  formed  at  the  sur¬ 
face  of  the  membranes,  to  an  unknown  number  of  wires  con¬ 
nected  in  parallel.  The  difficulty  of  not  getting  a  direct 
measurement  of  resistivities  was  overcome  by  doing  a  statis¬ 
tical  study  of  a  large  number  of  samples  and  also  by  making 
use  of  Matthiessen’s  rule  to  deduce  resistivities  from  the 
temperature  dependence  of  the  resistances.8  Furthermore,  the 
data  analysis  was  based  on  CPP-MR  ratios  (A R/R),  since 
they  are  independent  of  the  number  of  wires  connected. 


FIG.  3.  CPP-MR  ratio  as  a  function  of  the  angle  between  applied  field  and 
plane  of  the  membrane,  performed  at  ambient  temperature. 


FIG.  4.  CPP-MR  ratio  as  a  function  of  the  relative  magnetization.  Applied 
field  parallel  to  the  membrane  (filled  symbols)  and  perpendicular  to  the 
membrane  (open  symbols).  The  curves  are  the  fits  to  a  parabola. 

III.  RESULTS 

The  measurements  of  CPP-MR  were  performed  as  a 
function  of  temperature  with  the  applied  field  parallel  or  per¬ 
pendicular  to  the  layers  (see  Figs.  1  and  2).  A  larger  resis¬ 
tance  value  was  observed  when  an  alternating  and  decreasing 
field  was  applied.  The  resistance  value  observed  in  this  “de¬ 
magnetized”  state  approached  the  value  observed  for  virgin 
samples.  The  MR  curves  with  field  in  two  directions  (see 
Fig.  2)  differ  for  two  reasons.  First,  the  saturation  field  is 
anisotropic.  Second,  there  is  an  anisotropic  magnetoresis¬ 
tance  (AMR)  superposed  on  the  CPP-MR.  The  AMR  was 


FIG.  5.  CPP-MR  ratio  as  a  function  of  equal  Cu  and  Co  layer  thicknesses. 
The  measurements  were  performed  at  two  temperatures,  for  two  sets  of 
samples  produced  under  different  electrodeposition  conditions.  The  lines 
correspond  to  the  fit  using  Eqs.  (2) -(4)  and  the  results  given  in  Table  I. 
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deduced  from  the  angular  dependence  of  the  CPP-MR  (see 
Fig.  3).  This  AMR  contribution  was  at  most  1.5%  and  de¬ 
creased  with  increasing  thickness  to  0.5%  at  a  layer  thickness 
of  100  nm.  Uniform  nanowires  produced  by  deposition  at 
VCo  presented  an  AMR  of  1%  to  1.5%.  In  Fig.  3  the  angular 
dependence  of  the  AMR  reached  a  maximum  at  an  angle  of 
15°  between  the  field  and  the  normal  to  the  membrane.  This 
is  consistent  with  the  distribution  of  wire  orientations  in  the 
membranes.9 

The  temperature  dependence  of  the  field  at  the  maximum 
MR  was  that  of  the  coercive  field,  which  changed  by  one 
order  of  magnitude  between  room  temperature  and  5  K.  The 
MR  measurements,  which  can  be  carried  out  on  a  very  small 
number  of  wires,  can  be  seen  as  a  means  of  measuring  coer¬ 
cive  fields  free  of  averaging  over  a  large  angular  distribution 
of  the  wire  orientations  in  the  membranes. 

The  relation  between  CPP-MR  and  the  magnetization  is 
shown  in  Fig.  4.  If  the  magnetic  layers  are  uncorrelated,  the 
MR  can  be  simply  expressed  as10 


Ap  /  M  \ 2 

p(°°)0C\mJ  ' 


(1) 


This  relation  described  well  the  low-temperature  data  and 
only  small  discrepancies  were  found  at  room  temperature 
near  the  saturation  magnetization. 


The  CPP-MR  ratios  were  measured  for  two  sets  of 
samples  produced  under  different  electrodeposition  condi¬ 
tions.  Samples  with  equal  Cu  and  Co  thicknesses  were  mea¬ 
sured  at  room  and  low  temperatures  (see  Fig.  5).  The  MR 
increased  with  increasing  density  of  interfaces,  until  a  limit 
of  layer  thickness  of  approximately  3  nm  below  which  the 
MR  effect  vanishes,8  indicating  unreliable  layering  on  this 
length  scale,  in  agreement  with  the  precision  of  2  nm  men¬ 
tioned  above. 


IV.  DISCUSSION 

In  the  Valet  and  Fert  article,6  the  expression  for  the  re¬ 
sistance  per  unit  area  R (all  ferromagnetic  layers  parallel) 
and  (magnetic  layers  antiparallel)  of  M  bilayers  is 

given  by 

R(P^P)  =  M{r0+2r&AP))  (2) 

with 

r0=(l  ~  p2)p Ft F^~  1  ~~  y2)rb  ’  (3) 

where  tN  and  tF  are  the  thicknesses  of  the  nonferromagnetic 
and  ferromagnetic  layers.  The  spin  dependent  resistivities 
r(sp,AP)  are  given  by 
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where /(/>)[x]  =tanh(x)  and  f{AP)[x]  =coth(x).  The  coeffi¬ 
cient  /3  is  a  measure  of  the  spin  asymmetry  of  the  Co  resis¬ 
tivity,  which  is  2p|(l  —  fi)  for  the  majority  spin  charge  car¬ 
riers  2p*(l  +  ft)  for  the  minority  spins.  The  Co  layers  have 
a  bulk  resistivity  pF=p|(  1 -/?2).  The  Cu  (neutral)  layers 
have  a  bulk  resistivity  given  by  p% .  The  coefficient  y  repre¬ 
sents  the  asymmetry  of  the  spin  dependent  interface  resis¬ 
tance,  with  a  resistance  per  unit  area  of  2r*(l  —  y)  in  the 
majority  case  and  2r*(l  +  y)  in  the  minority  case.  The  ex¬ 
pressions  2-4  are  valid  under  the  assumption  of  a  negligible 
spin  mixing  and  the  electronic  mean  free  paths  much  smaller 
than  the  corresponding  spin  diffusion  lengths. 

The  CPP-MR  dependence  on  layer  thickness  (see  Fig.  5) 
was  analyzed  using  Eqs.  (2) -(4).  We  could  deduce  the  asym¬ 
metry  parameters  and  the  spin  diffusion  length  of  the  Cu 
layers  (see  Table  I),  using  set  values  of  the  bulk  resistivities 
pjv ,  p*  and  the  interface  resistance  r*  .  The  choice  for  these 
values  was  discussed  in  Ref.  8.  A  reasonable  range  of  values 
was  used  in  Table  I. 

The  predictions  of  the  Valet  and  Fert  model  showed  that 
the  Co  SDL  had  little  influence  on  the  CPP-MR.11  In  our 
fitting  procedure,  the  Co  SDL  was  fixed  at  a  large  value.  Any 
choice  of  the  Co  SDL  larger  than  10  nm  would  give  us 


I 

similar  parameters.  In  order  to  bring  out  the  effects  of  the 
spin  diffusion  length  of  the  Co,  a  set  of  samples  with  an 
increasing  Co  thickness  was  produced  (see  Fig.  6).  The  Cu 
layer  thickness  was  fixed  at  10  nm.  Parameters  deduced  from 
the  fittings  of  the  more  complete  sets  of  data  of  Fig.  5,  with 
liP  values  of  3,  10,  and  100  nm,  were  used  to  draw  the  lines 
shown  on  Fig.  6.  We  observed  that  the  CPP-MR  was  strongly 
decreased  when  the  layer  thicknesses  were  too  different.  We 
consider  that  our  synthesis  becomes  defective  for  these  types 
of  samples.8 

The  main  difference  between  the  two  sets  of  samples  is 
the  value  of  the  interface  asymmetry  parameter  y.  In  the 
samples  from  the  set  2,  the  lower  spin  dependent  interface 
resistance  is  reflected  in  the  lower  CPP-MR  ratios  observed 
at  small  thicknesses.  The  difference  in  the  deposition  condi¬ 
tions  between  the  two  sets  of  samples,  with  a  deposition 
potential  gap  changed  by  a  factor  of  2,  appears  to  be  reflected 
in  the  spin  asymmetry  of  the  interfaces. 

The  spin  asymmetry  coefficients  y  and  j3  depend  slightly 
on  the  original  choice  of  the  resistivities.  To  the  contrary,  the 
value  of  the  SDL  strongly  depends  of  this  choice.  We  over¬ 
came  the  uncertainty  in  the  resistivity  of  the  Cu  layers  by 
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TABLE  I.  Parameters  of  the  two-channel  model.  The  range  of  the  choice  for  the  resistivity  values  is 
given.  The  uncertainties  are  those  deduced  from  the  fittings,  including  the  indicated  variation  of  param¬ 
eters  p%  ,  pf  ,  and  r%  . 


Pf 

10  8  n  m 

Pn 

10  8  flm 

rt 

10~15  Cl  m2 

/? 

y 

w 

nm 

tip 

nm 

SET  1,  300  K 

60-68 

2-6 

0.3-1. 1 

0.44±0.06 

0.40±0.10 

38  ±  10 

>10 

SET  1,  20  K 

51-57 

1 .3—3.3 

0.3-1. 1 

0.46±0.05 

0.55±0.07 

49  ±12 

>10 

SET  2,  300  K 

60-68 

2.5-6.5 

0.3-1. 1 

0.41  ±0.07 

0.23±0.15 

34±14 

>10 

SET  2,  20  K 

51-57 

1.8-38 

0.3-1. 1 

0.52±0.06 

0.33±0.11 

37  ±11 

>10 

MSU  4.2  K  Ref.  5 

8.6±0.4 

0.7±0.2 

0.50±0.02 

0.50±0.10 

0.76  ±0.05 

>60 

>20 

considering  the  spin  flip  mean  free  path.  Figure  7  is  a  plot  of 
the  SDL  deduced  from  the  fits  to  the  data  of  Fig.  5,  as  a 
function  of  the  choice  made  for  the  resistivity  .  The  data 
at  20  and  300  K  of  each  set  of  samples  are  superposed  and 
the  SDL  of  set  2  are  systematically  smaller  than  that  of  set  1. 
In  Fig.  5,  no  evidence  of  a  contrast  between  the  two  sets  of 
samples  at  large  thicknesses  (in  particular  at  20  K)  can  be 
seen.  However,  Fig.  7  took  advantage  of  the  statistics  from 
Fig.  5  to  exhibit  a  systematic  difference. 

A  simple  physical  model  can  account  for  the  apparent 
correlation  between  the  resistivity  and  the  SDL  of  the  copper 
layers.  In  the  free  electron  model,  we  can  express  the  SDL  as 
a  function  of  the  resistivity  as8 


where  C=  1.048 X1CT8  m  for  Cu.  Given  the  dependence 
of  the  SDL  on  from  Eq.  (5),  the  fitted  spin-flip  mean  free 
paths  are 

\^  =  450  nm  (set  1)  and  \^  =  300  nm  (set  2). 

The  spin-flip  mean  free  path  can  be  expressed  in  terms  of  the 
spin  flip  cross  section  by 


where  N  is  the  number  of  impurity  per  unit  volume.  The 
spin-flip  cross  section  a  of  Co  in  Cu  is  known  from  electron 


Co  thickness  (nm) 


FIG.  6.  CPP-MR  ratios  for  samples  with  a  fixed  Cu  thickness  of  10  nm  as  a 
function  of  the  Co  layer  thickness.  The  drawn  lines  correspond  to  different 
choices  in  the  Co  spin  diffusion  lengths  in  the  fitting  of  the  data  of  Fig.  5. 


spin  resonance  (ESR)  experiments  to  be  of  about  5Xl(T21 
m2.12  Using  the  impurity  contents  measured  by  EDS,  Eq.  (6) 
yields 

\$°(-0.3  V)=470  nm  (set  1), 

X<$P(- 0.6  V)=235  nm  (set  2). 

These  values  are  in  remarkable  agreement  with  those  de¬ 
duced  from  Fig.  7.  The  Cu  spin-flip  mean  free  path,  due  to 
impurities,  is  temperature  independent.  As  a  consequence, 
the  temperature  dependence  of  the  Cu  SDL  is  caused  by  the 
variation  of  the  Cu  resistivity  with  temperature.  The  asym¬ 
metry  parameters  are  found  to  decrease  with  increasing  tem¬ 
perature. 

V.  CONCLUSIONS 

The  magnetoresistance,  in  a  geometry  where  the  current 
was  perpendicular  to  the  layer  plane,  was  measured  in 
samples  of  resistance  values  ranging  from  1  to  400  fl,  at 
temperatures  of  5-300  K.  The  two-current  model  was  used 
to  fit  the  thickness  dependence  of  the  CPP-MR  of  samples 
with  equal  Cu  and  Co  layer  thicknesses.  At  low  tempera¬ 
tures,  we  found  the  Co  spin  asymmetry  parameter  to  be 
about  the  same  as  found  by  others  for  sputtered  samples,5 
even  though  the  samples  were  produced  by  totally  different 
methods.  The  spin  asymmetry  of  the  interfacial  resistance  is 
found  to  be  slightly  smaller  than  for  the  vacuum  deposited 
samples.  Our  samples,  with  a  typical  area  of  10-13  m2,  gave 
no  evidence  that  the  spin  accumulation  could  be  hindered  by 
domains  in  the  ferromagnetic  layers,13  a  configuration  which 


FIG.  7.  Cu  spin  diffusion  length  found  from  fitting  of  the  data  of  Fig.  5  as 
a  function  of  the  choice  for  the  Cu  resistivity. 
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could  occur  in  the  vacuum  deposited  samples  of  area  of  10  6 
m2.  The  spin  diffusion  length  in  the  Cu  layers  was  found  to 
be  due  to  Co  impurities.  The  corresponding  spin-flip  mean 
free  path  was  found  temperature  independent  and  its  value 
corresponded  to  the  one  deduced  from  ESR  experiments. 

This  picture  is  confirmed  by  the  study  of  two  sets  of 
samples,  produced  by  changing  the  electrodeposition  condi¬ 
tions  of  the  Cu  layers.  The  amount  of  Co  impurities  was 
varied  and  the  corresponding  change  of  the  spin-flip  mean 
free  path  was  observed.  Furthermore,  the  interface  was 
changed  and  its  spin  dependent  resistance  modified. 

The  single  bath  electrodeposition  technique  limited  the 
quality  of  the  samples  by  adding  a  large  amount  of  impurities 
of  Cu  in  the  Co  layers.  The  resulting  large  Co  resistivity 
limited  the  magnetoresistance  to  30%  at  low  temperatures. 
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We  have  designed  a  low-temperature  femtosecond-resolved  near-field  scanning  optical  microscope 
to  study  spatiotemporal  excitonic  spin  behavior  in  magnetic  semiconductor  heterostructures.  Local 
disorder  introduced  by  focused-ion-beam  implantation  reduces  the  otherwise  large  Zeeman 
splittings  in  modest  magnetic  fields,  creating  a  planar  spin-dependent  energy  landscape  for  diffusing 
carriers.  Near-field  polarization-resolved  static  and  femtosecond  measurements  map  out  excitonic 
spin  behavior  with  — 125  nm  spatial  resolution,  revealing  spin-dependent  diffusion.  We  demonstrate 
the  applicability  of  two  distinct  time-resolved  techniques  in  the  near  field,  and  discuss  limitations  on 
the  measurement  of  polarized  luminescence  from  semiconductors  in  the  near  field.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)23008-7] 


I.  INTRODUCTION 

A  detailed  understanding  of  spin  scattering  in  meso¬ 
scopic  electronic  systems  remains,  for  the  most  part,  an  open 
issue  in  condensed  matter  physics.1  To  directly  investigate 
the  dynamic  behavior  of  electronic  spin,  one  needs  to  de¬ 
velop  both  a  host  material  in  which  the  fundamental  spin 
interactions  are  well  understood,  and  techniques  for  probing 
spin  scattering  on  the  relevant  time  and  length  scales. 

Extensive  research  in  recent  years  has  identified  II— VI 
magnetic  semiconductor  quantum  structures  as  flexible  sys¬ 
tems  in  which  to  study  electronic  spin  interactions  in  a  well- 
characterized  environment.2  In  such  systems,  the  strong  ex¬ 
change  coupling  between  electronic  states  and 
paramagnetically  aligned  magnetic  ions  results  in  large  effec¬ 
tive  Lande  g  factors  at  low  temperatures  (geff~400  at  T=4 
K).  Quantum  well  (QW)  confinement  enhances  by  several 
orders  of  magnitude  the  coupling  of  excitonic  states  to  vis¬ 
ible  light,  enabling  a  wide  array  of  optical  techniques  to  be 
used.  The  Zeeman  splittings  in  recently  grown  structures  can 
be  made  much  larger  than  inhomogeneous  linewidths,3  pro¬ 
viding  model  field-tunable  two-level  systems  ideal  for 
magneto-optical  studies  of  spin-dependent  phenomena. 

Conventional  time-resolved  optical  spectroscopies  have 
successfully  probed  dynamical  spin-dependent  phenomena  in 
this  class  of  structures,  yielding  important  information  about 
exciton  spin  scattering  and  magnetic  relaxation.3,4  However, 
to  examine  directly  the  role  of  interfaces,  alloy  fluctuations, 
disorder,  local  magnetic  environments,  impurities,  and  de¬ 
fects  on  excitonic  spin  transport — factors  which  involve  spa¬ 
tial  degrees  of  freedom — one  requires  a  technique  capable  of 
resolving  the  relevant  physical  length  scales,  from  exciton 
diffusion  lengths  (— 1  /mi)  to  magnetic  correlation  lengths 
(>50  nm  in  antiferromagnetically  ordered  MnSe),5  to  the 
exciton  Bohr  radius  (—4  nm  for  ZnSe/ZnCdSe).6  Conven¬ 
tional  optical  techniques,  being  diffraction  limited,  cannot 
provide  sufficient  resolution  on  the  length  scales  of  interest. 
Near-field  scanning  optical  microscopy  (NSOM)  circum¬ 
vents  the  diffraction  limit7  and,  combined  with  femtosecond- 
resolved  spectroscopies,  provides  a  unique  capability  of  in¬ 


terrogating  spatiotemporal  exitonic  spin  dynamics  in 
magnetic  semiconductors. 

Here  we  present  static  and  time-resolved  luminescence 
studies  of  excitonic  spin  behavior  in  magnetic  semiconductor 
QWs  using  a  low-temperature  polarization-resolved  NSOM. 
A  series  of  patterned  defects,  introduced  by  Ga+  focused- 
ion-beam  implantation,  reduces  both  the  QW  luminescence 
intensity  and  the  local  g  factor,  creating  a  magnetic-field- 
driven  spin-dependent  energy  landscape  for  diffusing  exci- 
tons.  Carrier  spin  distributions  are  inferred  from  the  near¬ 
field  images  of  the  dc  luminescence  intensity  and 
polarization.  Exciton  diffusion  is  found  to  have  a  minimal 
effect  on  the  local  magnetic  interactions  which  contribute  to 
Zeeman  split  states.  The  incorporation  of  time  resolution, 
using  a  luminescence  intensity  correlation  technique,  pro¬ 
vides  additional  evidence  for  spin-dependent  exciton  diffu¬ 
sion.  Time-resolved  absorption,  another  powerful  tool,  yields 
direct  information  about  the  spatiotemporal  evolution  of  pho- 
toexcited  excitons.  Fundamental  limitations  on  the  measure¬ 
ment  of  polarized  luminescence  from  semiconductors  in  the 
near  field  are  demonstrated  and  discussed. 

II.  DIGITAL  MAGNETIC  HETEROSTRUCTURES 

A  new  class  of  magnetic  semiconductors — Digital  Mag¬ 
netic  Heterostructures  (DMH)3— serve  as  the  host  systems 
that  are  studied  in  these  experiments.  These  structures  con¬ 
sist  of  single  12  nm  ZnSe/Zn0  80Cd0  20Se  MBE-grown  quan¬ 
tum  wells  containing  systematic  planar  distributions  of  mag¬ 
netic  ions  (Mn++).  Far-field  magneto-optical  studies  show 
large  Zeeman  splittings  in  modest  magnetic  fields  (effective 
Lande  g  factor  —430  at  4.2  K),  and  relatively  narrow  inho¬ 
mogeneous  linewidths  (6  meV).3  The  structures  are  grown 
on  GaAs(OOl)  substrates  with  an  MBE-deposited  700  nm 
buffer  layer  of  ZnSe  to  relieve  lattice  mismatch  strain,  and  a 
100  nm  cap  layer.  Measurements  performed  in  transmission 
require  removal  of  the  GaAs  substrate  without  disturbing  the 
QW  or  buffer  layer.  Presently,  no  stop  etch  is  known  for 
ZnSe;  however,  preferential  etch  rates  of  GaAs  vs  ZnSe 
(20:1  selectivity)8  can  be  utilized.  The  GaAs  substrate  is 
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FIG.  1.  Micrograph  of  an  NSOM  tip  between  single  mode  (left)  and  multi- 
mode  (right)  fibers,  used  to  implement  shear-force  feedback  in  a  compact 
microscope  design. 

thinned  by  polishing  to  50-100  /mm  to  achieve  a  surface 
roughness  <0.2  /im,  with  care  taken  to  keep  the  thickness 
uniform.  Wet  spray  etching8  removes  the  remaining  GaAs  on 
a  lithographically  patterned  circle,  leaving  smooth  (50  nm 
surface  roughness)  ZnSe  buffer.  The  processed  sample  con¬ 
sists  of  a  300  /mm  diam  circular  film  of  QW  sandwiched  be¬ 
tween  700  nm  buffer  and  100  nm  ZnSe  cap  layers,  mechani¬ 
cally  supported  by  the  surrounding  unetched  structure. 
Samples  are  mounted  on  a  thin  (0.2  mm)  fused  silica  slide 
with  the  cap  layer  exposed. 

To  study  the  effect  of  local  disorder  on  exciton  spin  dy¬ 
namics,  a  140  keV  focused  (100  nm  diam  spot  size)  beam  of 
Ga+  ions  is  used  to  implant  specific  patterns  on  the  pro¬ 
cessed  structure  in  the  plane  perpendicular  to  the  growth  di¬ 
rection.  The  small  implantation  dosage  used  (104  jmm~2)  in¬ 
troduces  lattice  defects  without  destroying  the  QW.  The 
pattern  consists  of  a  series  of  100,  200,  400,  and  800  nm- 
wide  parallel  stripes,  each  separated  by  2  /mm. 

III.  LOW-TEMPERATURE  NEAR-FIELD  SCANNING 
OPTICAL  MICROSCOPY 

We  have  developed  a  femtosecond  low-temperature 
NSOM,  designed  to  fit  in  the  30  mm  bore  of  continuous  He 
gas  flow  optical  cryostat,  and  to  operate  at  temperatures 
7=4-300  K.  Measurements  are  performed  in  zero  and 
J5  =  0.2  T  magnetic  field  in  the  Faraday  configuration,  the 
latter  achieved  by  mounting  samples  on  a  permanent  annular 
magnet  attached  to  the  microscope  sample  stage.  The  stage  is 
kinematically  supported  and  positioned  with  respect  to  the 
near-field  probe  by  three  mechanical  feedthroughs,  allowing 
coarse  (—10  /mm)  adjustment  of  the  lateral  position  as  well  as 
fine  (—1  /mm)  approach  toward  the  near-field  probe.  Piezo¬ 
electric  transducers  enable  the  tip  to  scan  the  sample  surface 
over  a  5  /mmX20  /mm  area  at  7=5  K. 

Shear-force  feedback  is  employed  to  measure  and  con¬ 
trol  the  tip-sample  separation.9  In  this  technique,  the  near¬ 
field  fiber  is  laterally  excited — dithered — a  small  amount 
(5-10  nm)  at  a  mechanical  resonance,  and  the  damping  of 
that  resonance  is  monitored  as  the  tip  approaches  the  sample 
surface.  To  employ  shear-force  feedback  in  a  compact  design 
of  the  microscope,  the  dither  amplitude  of  the  near-field  fiber 
is  monitored  by  two  side  fibers  (see  Fig.  1).  The  tip  is  placed 
in  the  small  gap  between  an  illuminating  single-mode  fiber 


FIG.  2.  Scanning  electron  micrographs  of  NSOM  tips,  (a),  (b)  Pulled  fiber 
tip.  (c)  Ag-coated  NSOM  probe  viewed  at  a  45°  angle  with  the  dark  circle 
showing  the  transmitting  core,  (d)  Destroyed  coating  after  coupling  5  mW  of 
HeCd  laser  light  (442  nm)  into  the  fiber. 


and  a  collecting  multimode  fiber,  and  its  position  is  adjusted 
so  as  to  partially  obstruct  the  transmitted  light.  Oscillations 
of  the  near-field  fiber  result  in  modulations  of  the  detected 
intensity.  The  tip- sample  separation  is  determined  from  an 
“approach  curve,”  obtained  by  moving  the  tip  a  known 
amount  towards  the  sample  while  measuring  the  lock-in  de¬ 
tection  signal  at  the  dither  frequency.  The  lock-in  signal  is 
fed  back  to  the  piezo  transducer  to  keep  a  constant  tip- 
sample  separation. 

Near-field  probes  are  manufactured  by  pulling  single¬ 
mode  optical  fibers  locally  heated  by  a  focused  C02  laser.10 
By  varying  the  laser  power  and  other  pull  parameters,  differ¬ 
ent  near-field  probe  shapes  and  tip  sizes  are  obtained  [Figs. 
2(a)  and  2(b)].  Pulled  tips  are  evaporation  coated  with  —100 
nm  of  a  high  reflectivity  metal  to  confine  the  light  where  the 
tip  diameter  d  becomes  comparable  to  the  wavelength  X. 
Silver  was  found  to  be  a  good  choice  for  coating  due  to  its 
high  reflectivity  and  good  adhesion  to  the  fiber  surface.  As  a 
result,  probes  are  obtained  with  subwavelength  apertures 
[Fig.  2(c)],  through  which  light  is  collected  and  sent  up  the 
fiber.  An  important  characteristic  of  the  tip  is  the  throughput 
where  7tr  the  transmitted  intensity  through  the  tip 
aperture,  and  /in  is  the  intensity  of  light  coupled  into  the  fiber 
from  the  other  end.  Both  the  tip  shape  and  aperture  diameter 
affect  7.  The  tip  shape  is  optimized  to  obtain  the  highest 
possible  throughput  for  a  chosen  aperture  size  (7~10-5  for 
a  d=  100  nm  aperture).  Aperture  sizes  are  chosen  to  balance 
spatial  resolution  against  photon  shot  noise  and,  depending 
on  the  type  of  measurement,  are  varied  between  100-180 
nm.  High  intensity  light,  coupled  through  the  fiber,  can  de¬ 
stroy  the  metallic  coating  due  to  the  enormous  power  density 
at  the  tip  aperture  [Fig.  2(d)],  thus  limiting  the  maximum 
incident  power  to  ~5  mW  for  100  nm  tips.  Prolonged  expo¬ 
sure  to  air  oxidizes  the  silver,  forming  pinholes,  so  tips  are 
stored  in  vacuum  until  use.  Samples  are  excited  by  focusing 
a  laser  beam  on  one  side  of  the  sample,  and  collecting  lumi¬ 
nescence  with  the  near-field  probe  on  the  opposite  side.  In 
this  configuration,  the  sample  is  uniformly  illuminated  with- 
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FIG.  3.  (a)  NSOM  image  of  a  tightly  focused  HeCd  laser,  transmitted 
through  the  etched  sample,  (b)  The  NSOM  image  of  the  luminescence  in¬ 
tensity  from  the  same  region  at  T=  5  K. 


out  shadowing  from  the  tip,11  allowing  a  variety  of  optical 
techniques  to  be  employed. 

Despite  the  care  taken  to  ensure  a  smooth  and  flat  buffer 
layer,  the  laser  intensity  profile  remains  highly  irregular  after 
passing  through  the  etched  nonimplanted  sample.  Small  non¬ 
uniformities  in  the  etched  buffer  layer  thickness,  exacerbated 
by  the  high  index  of  refraction  near  the  absorption  edge  of 
ZnSe,  produce  an  interference  pattern  with  sharp  features, 
resolved  in  the  near  field  [Fig.  3(a)].  Luminescence  from  the 
same  region,  seen  in  Fig.  3(b),  is  in  comparison  more  uni¬ 
form,  indicating  that  photoexcited  excitons  diffuse  on  micron 
length  scales  within  their  lifetime. 

The  processed  structures  are  extremely  fragile,  consist¬ 
ing  only  of  the  buffer,  QW  and  cap  layers,  with  a  combined 
thickness  totaling  less  than  1  /nm.  In  near-field  measure¬ 
ments,  the  probe  is  brought  close  (25-50  nm)  to  the  sample 
surface  using  shear-force  feedback.  It  is  likely  that  contact  is 
made  when  feedback  is  employed,  as  prolonged  scanning 
over  the  same  position  adversely  affects  the  structure.  Fig¬ 
ures  4(a) -4(d)  show  topography  and  luminescence  images 
from  a  patterned  sample  before  and  after  a  24-h  line  scan. 
During  the  scan,  the  probe  is  positioned  at  one  point  on  the 
line,  with  the  feedback  on,  while  near-field  measurements  are 
performed.  Despite  the  lack  of  apparent  topographical 
changes,  a  quench  in  luminescence  is  observed  not  only  on 
the  scanned  line,  but  also  in  the  surrounding  regions  along 
the  vertical  crystallographic  axis,  indicating  strain-induced 
destruction  of  the  QW.  To  prevent  damage  to  the  sample,  two 
scan  modes  are  used:  raster  scan  and  lift-up  scan.  In  the 
raster-scan  mode,  the  probe  is  continuously  scanned  across 
the  sample,  feedback  on,  while  acquiring  near-field  data. 
These  scans  are  short  (~1  h)  and  are  used  mainly  for  dc 


FIG.  4.  (a),  (b)  Shear-force  topographic  image  of  a  structure  before  (a)  and 
after  (b)  a  24-h  line  scan,  (c),  (d)  Concurrent  luminescence  intensity  images 
before  (c)  and  after  (d)  the  same  scan.  The  dashed  line  indicates  the  scanned 
path  of  the  NSOM  tip.  Luminescence  quenching  occurs  in  regions  above 
and  below  the  scanned  line. 
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FIG.  5.  The  dc  photoluminescence  intensity  and  polarization  of  the  nonpat- 
terned  DMH  sample  at  7=5  K  in  5  =  0.2  T  as  a  function  of  the  sample- 
probe  separation  for  a  tightly  focused  (5  pm)  (a)  and  defocused  (100  pm) 
(b)  laser  spot. 


luminescence  measurements.  In  the  lift-up  scan  mode,  the 
probe  position  is  fixed  and  the  tip  lifted  ~50  nm  from  the 
surface,  feedback  off,  while  near-field  measurements  are 
taken.  Feedback  is  used  only  for  the  short  time  required  to 
move  the  tip  to  a  new  position;  thus,  even  for  long  scans,  the 
risk  of  sample  damage  is  minimized. 

A.  Near-field  polarization 

Polarization  analysis  in  the  near-field  is  complicated  by 
two  factors.  First,  strain-induced  birefringence  in  the  single¬ 
mode  optical  fiber  “scrambles”  the  incident  polarization.  To 
obtain  meaningful  results,  the  polarization  must  first  be  “un¬ 
scrambled”  using  a  variable  waveplate  and  polarizer.  The 
correct  parameters  are  determined  in  one  of  two  ways.  In  the 
first  method,  circularly  polarized  luminescence  from  the 
magnetic  heterostructure  is  collected  in  an  applied  magnetic 
field.  The  waveplate  angle  and  retardance  are  scanned  to  find 
a  maximum  and  minimum,  corresponding  to  the  two  spin 
states.  Alternatively,  circularly  polarized  light  from  a  laser, 
tuned  to  the  wavelength  of  interest,  is  focused  onto  the  near¬ 
field  tip  to  find  the  appropriate  waveplate  settings.  Both 
methods  give  identical  and  consistent  values  for  polarization 
analysis. 

Second,  it  has  been  found  that  polarization  from  semi¬ 
conductors,  measured  under  otherwise  identical  conditions, 
is  significantly  reduced  in  the  near  field  compared  to  the  far 
field.12  To  investigate  the  origin  of  this  effect,  we  have  ex¬ 
plored  the  dependence  of  the  sample-probe  separation  on  the 
measured  polarization.  A  nonpattemed  sample  in  B  =  0.2  T  at 
7=5  K,  with  80%  polarization  measured  in  the  far  field,  is 
photoexcited  by  a  linearly  polarized  HeCd  laser  focused  to  5 
fim.  Polarized  luminescence  is  collected  by  the  near-field 
probe,  positioned  in  the  laser  spot  center  a  distance  d  over 
the  sample.  As  the  probe  approaches  the  surface,  the  detected 
luminescence  intensity  increases  and  the  polarization  de¬ 
creases  [Fig.  5(a)].  The  sharp  knee  in  the  luminescence  in- 
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tensity  curve  clearly  delineates  the  near-  and  far-field  re¬ 
gimes. 

To  explain  the  loss  of  polarization  in  the  far-field  ( d>k ) 
regime,  we  note  that  the  polarization  of  luminescence  from 
semiconductors  depends  on  the  angle  0  between  the  point  of 
observation  and  the  field  direction  as  P(0)  —  P(O)  cos  0,13 
where  P(0)  is  the  polarization  measured  along  the  field  di¬ 
rection.  Luminescence  collected  over  a  solid  angle  fl  will 
therefore  have  an  appropriately  reduced  polarization.  An 
ideal  near-field  probe  collects  light  from  all  directions,  but  its 
effective  numerical  aperture  is  determined  by  the  lumines¬ 
cence  spot  size  and  sample-probe  separation.  As  the  probe  is 
brought  closer  to  the  sample,  its  effective  numerical  aperture 
increases,  and  the  polarization  decreases.  This  contribution 
to  the  loss  of  polarization  is  seen  clearly  by  comparing  Fig. 
5(a)  with  Fig.  5(b),  where  the  same  measurements  are  per¬ 
formed  with  the  laser  focused  to  100  /xm.  In  this  case,  the 
effective  numerical  aperture  of  the  probe  changes  negligibly 
with  distance,  and  the  polarization  therefore  remains  essen¬ 
tially  constant  over  distances  d>k.  This  explanation  ac¬ 
counts  well  for  the  data  taken  in  the  far-field  regime,  but 
does  not  explain  the  near-field  data,  where  the  polarization 
decrease  is  most  dramatic.  An  intriguing  explanation  for  the 
loss  of  polarization  in  the  near  field  is  that  the  evanescent 
fields  do  not  propagate  angular  momentum  and  hence  cannot 
couple  to  circularly  polarized  light  in  the  far  field.  Regard¬ 
less  of  the  explanation,  the  loss  of  circular  polarization  in  the 
near  field  appears  to  be  a  general  feature  associated  with 
NSOM  measurements  on  semiconductors. 

B.  Static  spin  behavior 

Static  excitonic  spin-dependent  behavior  in  the  presence 
of  disorder  is  studied  on  patterned  DMH  structures  through 
polarization-resolved  dc  photoluminescence  measurements, 
performed  at  T—  5  K  and  B-  0.2  T  in  the  Faraday  configu¬ 
ration.  Structures  are  excited  with  linearly  polarized  light 
from  a  HeCd  laser  (£ex=2.807  eV)  with  ~1  kW/cm2  power 
density.  Near-field  images  are  obtained  by  collecting  lumi¬ 
nescence  at  a  fixed  detection  energy  in  the  raster-scan  mode. 
The  luminescence  intensity  [Fig.  6(a)]  exhibits  maxima  in 
the  center  of  undamaged  regions,  monotonically  decreasing 
toward  the  implanted  regions.  The  reduction  of  luminescence 
intensity  in  the  implanted  regions  is  attributed  to  an  increase 
of  nonradiative  channels  created  by  the  focused  ion  beam. 
The  lack  of  a  sharp  interface  between  intrinsic  and  implanted 
areas  on  the  structure,  as  compared  to  the  sharpness  of  the 
polarization  image,  indicates  diffusion  of  photoexcited  exci- 
tons.  The  contrasting  interface  sharpness  of  the  polarization 
images  [Fig.  6(b)]  supports  this  interpretation,  the  polariza¬ 
tion  remaining  constant  over  intrinsic  regions  and  dropping 
sharply  to  zero  only  in  the  implanted  areas.  This  result  sug¬ 
gests  that  lattice  damage,  along  with  increasing  the  number 
of  nonradiative  channels,  also  destroys  the  rotational  symme¬ 
try  of  the  lattice,  reducing  magnetic  interactions  responsible 
for  Zeeman  splitting.  Moreover,  the  constant  polarization 
over  the  intrinsic  regions  implies  that  exciton  diffusion  does 
not  result  in  increased  spin  scattering. 

A  more  quantitative  analysis  is  obtained  by  performing  a 
line  scan  across  several  interfaces  in  the  lift-up  mode. 


FIG.  6.  The  dc  luminescence  (a)  and  polarization  (b)  images  on  a  patterned 
DMH  sample  at  T=5  K  and  £  =  0.2  T. 

Polarization-resolved  luminescence  spectra  are  collected  at 
points  along  the  line  under  otherwise  identical  conditions  at 
T=  9  K  and  B  —  0.2  T.  The  luminescence  intensity,  polariza¬ 
tion,  energy  of  the  luminescence  peak,  and  Zeeman  splitting 
profile  [Figs.  7 (a) -7(d)]  are  extracted  from  the  collected 
data.  The  slow  variations  in  the  luminescence  intensity  and 
the  sharper  features  of  the  polarization  profiles  resemble  the 
2D  images.  The  luminescence  peak  energy  profile  for  both 
spin  states  [Fig.  7(c)]  shows  modulations  defined  by  implan¬ 
tation,  as  well  as  small  (<  1  meV)  scan-to-scan  reproducible 
fluctuations.  Surprisingly,  the  spatially  resolved  Zeeman  en¬ 
ergy  splitting  shows  much  smaller  fluctuations,  but  is  modu¬ 
lated  by  implantation  much  like  the  polarization.  The  poten¬ 
tial  and  Zeeman  energy  variations  are  attributed  mainly  to 
alloy  fluctuations. 

C.  Femtosecond-resolved  NSOM 

Femtosecond  time  resolution  is  added  to  the  near-field 
measurements  using  a  luminescence  intensity  autocorrelation 
(LIA)  technique.14  By  detecting  nonlinear  photolumines¬ 
cence  corresponding  to  a  certain  spin  state,  the  exciton  time 
correlation  function  c(r)  =  {n(t)n(t+  r))  for  that  state  can 
be  obtained.  Measurements  are  performed  using  the 
frequency-doubled  output  of  Ti: Sapphire  laser  producing  130 
fs  pulses,  tuned  100  meV  above  the  exciton  ground  state 
energy.  The  linearly  polarized  laser  output  is  split  into  two 
equal  intensity  pulses,  separated  by  a  time  r  through  a  vari¬ 
able  delay  line.  A  good  spatial  overlap  of  the  two  beams  on 
the  sample  is  imperative:  the  beams  are  coaligned  after  going 
through  delay  optics  and  their  spatial  overlap  is  verified  both 
by  examination  of  the  far-field  interference  pattern  and  by 
direct  imaging  of  each  beam  using  the  near-field  microscope. 
Optical  choppers  modulate  the  two  beams  at  different  fre- 
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FIG.  7.  NSOM  data  obtained  from  an  energy-  and  polarization-resolved  line 
scan  across  a  patterned  sample  at  7=9  K  and  5  =  0.2  T.  (a)  Intensity, 
(b)  polarization,  (c)  energy  of  the  luminescence  peak,  (d)  Zeeman  energy 
splitting,  vs  position.  Shaded  areas  indicate  regions  of  ion  implantation. 


quencies,  and  phase-sensitive  detection  at  sum  frequency 
yields  the  LIA  signal,  whose  time  decay  provides  a  measure 
of  the  exciton  lifetime. 

Figures  8(a)  and  8(b)  show  the  LIA  signal  as  function  of 
position  and  time  delay.  Measurements  are  performed  on  a 
patterned  DMH  sample  at  7=  9  K  in  5  =  0.2  T  in  the  lift-up 
scan  mode.  Data  is  taken  by  collecting  time-varied  signal  for 
both  polarizations  on  a  line  perpendicular  to  the  patterned 
stripes.  For  both  spin  states  the  initial  exciton  distribution  is 
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FIG.  8.  Time-resolved  exciton  spin  dynamics  obtained  by  LIA  measure¬ 
ments  in  a  line  scan  across  four  interfaces  (5  =  0.2  T,  7=9  K).  (a)  Spin  up. 
(b)  Spin  down,  (c),  (d)  Amplitude  and  lifetime  vs  position,  extracted  by  a 
single  exponential  fit  from  the  above  data.  Shaded  areas  indicate  regions  of 
ion  implantation. 
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FIG.  9.  Time-resolved  absorption  for  both  spin  up  and  spin  down  excitonic 
states  in  intrinsic  (a),  (b)  and  implanted  (c),  (d)  regions,  with  the  pump  pulse 
initially  photopopulating  spin  up  (a),  (c)  and  spin  down  (b),  (d)  excitonic 
states  at  7=  5  K  and  5  =  0.2  T. 


spatially  modulated,  having  been  suppressed  in  the  im¬ 
planted  areas.  The  time  evolutions  for  the  two  spin  states, 
however,  are  quite  different:  the  spin-up  lifetime  is  signifi¬ 
cantly  shorter  than  the  spin-down  lifetime.  A  more  qualita¬ 
tive  comparison  is  made  by  applying  a  single  exponential  fit 
A  exp (  —  t/r)  to  the  curves  at  each  spatial  location.  The  life¬ 
time  of  the  spin  down  state  [Fig.  8(c)]  is  decreased  almost  a 
factor  of  2  in  the  implanted  areas,  whereas  variations  in  life¬ 
time  of  the  spin-up  state  are  small.  This  result  indicates  pre¬ 
ferred  diffusion  of  spin-up  excitons  from  intrinsic  into  im¬ 
planted  regions. 

Similar  measurements  are  performed  on  a  patterned  non¬ 
magnetic  sample.  Exciton  lifetimes  are  several  times  longer 
than  in  the  magnetic  samples,  a  fact  consistent  with  far-field 
measurements  performed  on  unpattemed  samples.  The  r=  0 
exciton  distribution  defined  by  implantation  is  smeared  out  at 
later  times  by  diffusion.  Exciton  lifetimes  are  reduced  in  the 
implanted  areas,  and  are  smaller  for  wider  implanted  stripes. 

Another  technique  employed — time-resolved 

absorption — provides  even  more  direct  information  about  the 
time-dependent  exciton  population.  A  circularly  polarized 
femtosecond  pump  pulse  resonantly  photopopulates  an  exci¬ 
ton  spin  state,  while  a  much  weaker  (—20  dB)  time-delayed 
probe  measures  absorption  changes.  By  choosing  the  helicity 
of  the  probe  pulse  and  the  time  delay  r,  the  population  of 
either  excitonic  spin  state  can  be  determined  as  a  function  of 
r.  Both  beams  are  modulated  using  optical  choppers  at  dif¬ 
ferent  frequencies,  and  lock-in  detection  occurs  at  the  sum 
frequency.  In  far-field  measurements  the  pump  beam  is 
blocked  at  the  detection  end,  allowing  only  pump-induced 
changes  in  the  probe  beam  to  be  detected.  In  the  near-field 
this  separation  is  not  possible,  and  photon  shot  noise  from 
the  pump  limits  the  sensitivity  attainable  using  this  tech¬ 
nique. 

Figures  9(a)-9(d)  show  time-resolved  measurements  in 
the  intrinsic  and  implanted  regions  shown  on  a  patterned 
sample  at  5  =  0.2  T  and  7=5  K.  The  reduced  lifetime  for 
both  spin  states  is  consistent  with  LIA  measurements.  It  is 
also  worth  noting  that  when  spin-down  excitons  are  optically 
injected,  the  number  of  spin-up  carriers  increases  in  the  im¬ 
planted  region,  but  drops  down  in  the  intrinsic  region,  indi¬ 
cating  preferential  diffusion  of  spin-up  carriers  into  im¬ 
planted  regions  from  the  nearby  intrinsic  regions,  also  in 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Levy  et  al.  6099 


agreement  with  LIA  measurements.  Nonuniformities  in  both 
the  pump  and  probe  pulse  profiles  (see  Fig.  3),  however, 
make  interpretation  of  spatially  resolved  images  difficult. 
Smoother  etched  surfaces  may  in  the  future  allow  this  tech¬ 
nique  to  fulfill  its  promise  of  providing  direct  spatiotemporal 
information  on  excitonic  spin  behavior  in  these  systems. 

IV.  CONCLUSION 

We  have  demonstrated  the  unique  capability  of  femto¬ 
second  near-field  microscopy  to  optically  study  spatiotempo¬ 
ral  excitonic  spin  behavior  in  magnetic  semiconductors.  The 
patterned  defects  introduced  by  the  ion  implantation  result  in 
locally  suppressed  magnetic  interaction,  and  create  the  ob¬ 
served  spin-dependent  energy  landscape  for  the  photoexcited 
carriers.  Time-resolved  measurements  employing  the  lumi¬ 
nescence  intensity  autocorrelation  technique  show  that,  in 
the  presence  of  such  nonuniform  potentials,  exciton  diffusion 
acquires  a  spin  component.  Both  static  and  time-resolved 
near-field  measurements  suggest  that  exciton  diffusion  does 
not  affect  their  interaction  with  the  magnetic  matrix  and  con¬ 
current  spin  scattering.  Time-resolved  measurements  reveal 
spin-dependent  excitonic  lifetimes  consistent  with  the  carrier 
diffusion  in  nonuniform  energy  potential. 
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Isolated  and  interactive  arrays  of  magnetic  nanostructures  as  small  as  15  nm  are  fabricated  using 
nanolithography  and  related  technologies,  and  are  characterized  using  magnetic  force  microscopy.  It 
has  been  demonstrated  that  manipulating  the  size,  aspect  ratio,  and  spacing  of  these  nanostructures 
can  lead  to  unique  control  of  their  magnetic  properties.  A  quantum  magnetic  disk  based  on  discrete 
single-domain  nanomagnetic  structures  with  storage  density  of  65  Gbits/in.2  is  demonstrated  along 
with  a  low-cost  method  for  mass  producing  such  disks.  Other  impacts  that  nanofabrication  can  bring 
to  the  development  of  future  magnetic  storage  are  discussed.  ©  1996  American  Institute  of 
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I.  INTRODUCTION 

In  the  epic  of  information  and  multimedia,  there  are  in¬ 
creasing  demands  for  magnetic  storage  devices  with  higher 
density,  faster  speed,  lower  power  consumption,  smaller  size, 
and  lower  weight  than  the  current  state-of-the-art  devices. 
Presently,  most  magnetic  storage  devices  are  based  on  the 
properties  of  magnetic  thin  films.  Therefore,  enormous  re¬ 
search  efforts  have  been  devoted  to  the  study  and  control  of 
the  key  factors  that  affect  magnetic  thin  film  properties.1"4 
These  factors  include  the  size  and  shape  anisotropy  of  the 
grains  in  the  film,  the  grain  magnetization  orientation,  the 
spacing  and  coupling  between  the  grains,  and  material  com¬ 
positions. 

The  advent  of  nanofabrication  technology  opens  up  new 
avenues  to  manipulate  magnetic  materials,  thereby  leading  to 
unique  opportunities  in  developing  innovative  ultrahigh  den¬ 
sity  magnetic  storage,  engineering  new  magnetic  materials 
and  devices,  and  obtaining  better  understanding  of  micro¬ 
magnetics.  Nanofabrication  can  make  magnetic  structures 
with  dimensions  comparable  to  or  smaller  than  some  funda¬ 
mental  length  scales  in  magnetics,  such  as  domain  wall  size 
and  exchange  interaction  length,  thus  making  the  behavior 
different  from  that  of  a  thin  film.  Nanofabrication  can  create 
arrays  of  interactive  magnetic  nanoparticles  with  precisely 
controlled  interparticle  spacing.  Nanofabrication  can  arrange 
the  orientation  and  position  of  the  nanoparticles  at  one’s  will. 
With  such  unique  manipulation  ability  offered  by  nanotech¬ 
nology,  many  revolutionary  device  concepts  are  no  longer 
regarded  as  “wild  dreams,”  but  become  reality. 

This  article  reviews  research  on  nanomagnetic  structures 
fabricated  using  electron-beam  lithography  and  other  fabri¬ 
cation  technologies  carried  out  at  the  NanoStructure  Labora¬ 
tory  at  the  University  of  Minnesota.  Particularly,  this  article 
will  discuss  (1)  fabrication  and  characterization  of  isolated 
and  interactive  single-domain  magnetic  nanostructures  such 
as  bars,  pillars,  and  rings,  and  (2)  properties  and  low-cost 
fabrication  of  a  65  Gbits/in.2  quantum  magnetic  disk — a  new 
paradigm  for  ultrahigh  density  magnetic  recording  media 
with  a  recording  density  two  orders  of  magnitude  greater 
than  current  state-of-the-art  disks.  The  work  done  elsewhere 
on  lithographically  defined  magnetic  structures  can  be  found 
in  Refs.  5-8. 


II.  FABRICATION  OF  MAGNETIC  STRUCTURES 
USING  NANOLITHOGRAPHY 

A  typical  fabrication  process  is  illustrated  in  Fig.  1.  In 
the  fabrication,  a  resist  film,  polymethylmethacrylate 
(PMMA),  is  first  spun  onto  a  substrate,  typically  silicon.  A 
high  resolution  electron  beam  lithography  system  is  used  to 
expose  patterns  in  the  PMMA.9  The  exposed  PMMA  is  de¬ 
veloped  in  a  cellosolve  and  methanol  solution  to  form  a  re¬ 
sist  template  on  the  substrate.  Ferromagnetic  materials  can 
be  patterned  using  either  a  lift-off  or  electroplating  process. 
In  a  lift-off  process,  a  ferromagnetic  metal  film  is  first  depos¬ 
ited  onto  the  entire  sample.  The  sample  is  then  immersed  in 
acetone  that  dissolves  the  PMMA  template  and  lifts  off  the 
metal  on  the  PMMA  surface,  but  not  the  metal  on  the  sub¬ 
strate.  In  an  electroplating  process,  a  thin  metal  plating  base 
is  placed  between  the  PMMA  and  the  substrate,  and  the 
PMMA  template  is  removed  after  plating.  Besides  use  for 
lift-off  and  plating,  the  PMMA  template  also  can  be  used  to 
etch  nanostructures  into  the  substrate  that  will  be  used  later 
to  create  magnetic  nanostructures. 

Figures  2-4  show  scanning  electron  microscope  (SEM) 
images  of  three  magnetic  nanostructures  fabricated  using 
nanolithography  and  a  lift-off  process.10,11  The  nanostruc¬ 
tures  are  a  high  aspect  ratio,  isolated  Ni  bar  15  nm  wide  and 
1  /x m  long,  an  interactive  Ni  bar  array  of  20  nm  wide  and 
200  nm  long  bars,  and  Ni  rings  with  a  90  nm  mean  diameter 


FIG.  1 .  Schematic  of  a  typical  process  for  fabricating  nanomagnetic  struc¬ 
tures  using  nanolithography  and  related  technologies. 
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FIG.  2.  SEM  image  of  a  high  aspect  ratio  isolated  Ni  bar  that  is  15  nm  wide, 
1  long,  and  35  nm  thick. 

and  25  nm  ring  width.  The  Ni  structures  have  a  thickness 
of  35  nm  and  were  fabricated  on  a  Si  substrate.  Figure  5 
shows  a  SEM  image  of  a  Ni  pillar  array  with  100  nm  spac¬ 
ing,  75  nm  average  diameter,  700  nm  height,  and  therefore 
9.3  aspect  ratio  fabricated  using  nanolithography  and 
electroplating.12 

III.  PROPERTIES  OF  NANOMAGNETIC  STRUCTURES 

The  first  striking  property  of  nanolithographically  de¬ 
fined  magnetic  structures  is  that  without  an  applied  magnetic 
field,  each  structure  can  magnetize  itself,  making  the  mag¬ 
netic  moments  of  all  polycrystalline  grains  in  the  structure 
align  to  the  same  direction.  The  single-domain  formation  is 
due  to  the  fact  that  the  magnetostatic  energy  in  these  mag¬ 
netic  nanostructures  is  lower  than  the  domain  wall  energy. 


-M  H-  90  nm 


FIG.  4.  SEM  image  of  Ni  rings  of  a  90  nm  mean  diameter,  25  nm  ring 
width,  and  35  nm  thickness  on  Si. 


Furthermore,  the  shape  anisotropy  of  the  structures  forces  the 
magnetization  to  be  aligned  along  the  long  axis  of  the  bars 
and  pillars.  This  single-domain  formation  and  alignment 
make  the  magnetic  moment  quantized  with  only  two  stable 
states,  equal  in  magnitude  but  opposite  in  direction.  Figure  6 
shows  that  when  examined  using  magnetic  force  microscopy, 
each  nickel  bar,  which  is  100  nm  wide,  35  nm  thick,  and  1 
jam  long,  has  two  opposite  magnetic  poles  at  the  ends  of  the 
bar  and  no  poles  in  between — a  clear  picture  of  a  single 
magnetic  domain  element. 

The  second  property  is  that  the  magnetic  field  needed  to 
switch  the  magnetization  of  a  single-domain  element  from 
one  direction  to  the  opposite  direction  can  be  controlled  by 
changing  the  geometry  of  the  structure,  such  as  bar’s  width, 
length,  and  thickness.  Figure  7  shows  that  the  switching  field 
of  nickel  and  cobalt  bars  with  a  1  /xm  length  and  35  nm 
thickness  increases  as  the  width  of  the  bar  decreases.  The 
peak  switching  fields  are  740  Oe  for  Ni  and  3000  Oe  for  Co, 
respectively,  which  are  over  30  times  larger  than  the  switch¬ 
ing  field  of  the  as-deposited  films.11,13 


FIG.  3.  SEM  image  of  an  interactive  Ni  bar  array.  Each  bar  is  20  nm  wide, 
200  nm  long,  and  35  nm  thick. 


FIG.  5.  SEM  image  of  Ni  pillar  array  of  a  100  nm  spacing,  75  nm  average 
diameter,  700  nm  height,  and  therefore  9.3  aspect  ratio. 
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Atomic  Force  Microscopy  Magnetic  Force  Microscopy 

FIG.  6.  The  atomic  force  microscopy  (a)  and  magnetic  force  microscopy  (b) 
of  three  single-domain  nickel  bars  that  are  100  nm  wide,  1  fim  long,  and  35 
nm  thick. 


The  switching  field  of  the  single-domain  bars  can  be 
further  controlled  by  varying  the  bar  length  as  shown  in  Fig. 
8.  It  was  found  that  the  length  dependence  is 
nonmonotonic.13  The  switching  field  increases  with  the  bar 
length  initially,  but  then  decreases  after  reaching  a  peak.  For 
isolated  nickel  and  cobalt  bars  with  a  thickness  of  35  nm  and 
a  width  of  100  nm,  the  peak  switching  field  and  correspond¬ 
ing  bar  length  are,  respectively,  640  Oe  and  1  yam  for  Ni,  and 
1250  Oe  and  2  yam  for  Co.  Moreover,  it  was  observed  that 
the  decrease  of  the  switching  field  with  the  increase  of  the 
bar  width  is  much  faster  in  Ni  bars  than  in  Co  bars.  These 
results  suggest  that  quasi-coherent  switching  occurs  in  short 
bars  and  incoherent  switching  occurs  in  long  bars,  and  that 
the  exchange  coupling  is  much  stronger  in  Co  bars  than  that 
in  Ni  bars. 

The  effects  of  the  magnetostatic  field  of  a  single-domain 
bar  on  the  crystalline  anisotropy  and  the  switching  field  of  its 
neighbors  were  studied  using  nanolithography  technology.14 
In  this  study,  pairs  of  single-domain  cobalt  bars  that  were  35 
nm  thick,  50  nm  wide,  1  yam  long  and  with  a  spacing  from 
50  to  1000  nm,  were  fabricated  using  electron-beam  lithog¬ 
raphy  and  a  lift-off  process.  Magnetic  force  microscopy  was 
used  to  study  the  switching  behavior  of  one  bar  in  the  pres¬ 
ence  of  another  bar  and  the  intrinsic  switching  field  of  one 
bar  after  the  other  bar  was  physically  removed.  Figure  9 
shows  the  measured  switching  field  for  the  three  cases:  (a) 
only  one  of  the  twin  bars  is  switched,  H ^  ;  (b)  both  bars  are 
switched,  ;  (c)  one  bar  switched  after  the  other  bar  was 


Bar  Width  (nm) 


FIG.  7.  Switching  field  of  isolated  Ni  and  Co  bars  vs  bar  width.  The  bars  are 
1  yttm  long  and  35  nm  thick.  The  actual  bar  width  was  measured  using  SEM. 


FIG.  8.  Switching  field  of  isolated  Ni  and  Co  bars  vs  bar  length.  The  bars 
are  100  nm  wide  and  35  nm  thick. 


physically  removed  by  a  nanotechnique,  H j .  One  of  the  key 
findings  is  that  even  after  the  neighboring  bar  was  physically 
removed,  the  intrinsic  switching  field  of  one  bar  still  strongly 
depends  on  the  original  spacing  between  the  bars.  Also,  the 
smaller  the  bar  spacing  was,  the  larger  the  intrinsic  switching 
field.  This  is  attributed  to  the  spontaneous  formation  of  a 
single-domain  region  during  the  Co  deposition,  whose  mag¬ 
netostatic  field  enhances  the  crystalline  anisotropy  of  its 
neighbors.  These  results  suggest  that  during  the  deposition  of 
magnetic  media,  substrate  roughness  and  large  in-plane 
shape  anisotropy  of  magnetic  grains  will  strongly  affect  the 
magnetic  properties  of  neighboring  grains  and  therefore  the 
uniformity  of  the  disk. 

Finally,  ferromagnetic  rings  were  studied  using  MFM.  It 
was  found  that  for  the  rings  with  a  diameter  500  nm  or  less, 
no  magnetic  poles  can  be  observed,  indicating  the  rings  are  a 
single  domain. 

IV.  QUANTUM  MAGNETIC  DISK 

As  data  storage  densities  reach  500  MBits/in.2  in  com¬ 
mercial  magnetic  hard  disks  and  3  Gbits/in.2  in  the  most 
advanced  laboratory  disks,  it  becomes  apparent  that  one  of 


FIG.  9.  Switching  field  of  twin  single-domain  Co  bars  vs  the  bar  spacing 
Hu ,  only  one  of  twin  bars  is  switched;  ,  both  bars  are  switched; 
,  switching  field  after  one  of  the  twin  bars  was  removed. 
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FIG.  10.  Schematic  of  a  quantum  magnetic  disk  which  consists  of  pre¬ 
patterned  single-domain  magnetic  structures  embedded  in  a  nonmagnetic 
disk.  Only  the  vertical  magnetization  is  shown,  but  the  disk  can  be  made 
with  longitudinal  magnetization. 


the  key  factors  that  limit  the  storage  density  is  the  nature  of 
magnetic  thin  films  that  are  used  as  the  recording  media. 
Many  of  the  limitations  can  be  readily  removed  if  each  bit  is 
stored  in  a  discrete  magnetic  element  that  is  separated  from 
its  neighbors  by  a  nonmagnetic  material.  More  advantages 
can  be  obtained  if  each  element  is  made  of  a  single  magnetic 
domain.  These  ideas  are  the  basis  for  a  new  magnetic  record¬ 
ing  paradigm,  the  quantum  magnetic  disk. 

A  quantum  magnetic  disk  (QMD)  completely  abandons 
the  continuous  magnetic  thin  film  as  the  recording  media 
used  in  the  conventional  disk.  Instead,  the  QMD  uses  prefab¬ 
ricated  discrete  single-domain  magnetic  elements  uniformly 
embedded  in  a  nonmagnetic  disk,  as  shown  in  Fig.  10. 11 
Each  element  has  a  uniform  and  well-defined  shape,  a  pre¬ 
specified  location,  and  most  importantly,  a  quantified  magne¬ 
tization  that  has  only  two  states,  identical  in  magnitude  but 
opposite  in  direction.  Each  element  can  store  a  bit  of  binary 
information.  The  other  striking  property  is  that  the  magnetic 
field  needed  for  switching  the  magnetization  direction  of  the 
elements  can  be  controlled  by  engineering  the  elements’  ge¬ 
ometry. 

Before  discussing  the  unique  advantages  of  QMDs  in 
writing,  reading,  and  tracking,  let  us  look  at  the  fabrication 
process  and  properties  of  one  QMD  embodiment  that  con¬ 
sists  of  single-domain  nickel  (magnetic)  nanopillars  uni¬ 
formly  embedded  in  a  Si02  (nonmagnetic)  disk.1516  In  fab¬ 
rication,  electron-beam  lithography  was  used  to  define  the 
QMD  bit’s  size  and  location,  and  reactive  ion  etching  was 
used  to  drill  holes  in  the  Si02  layer  carried  on  a  Si  substrate. 
Nickel  electroplating  was  used  to  selectively  deposit  nickel 
into  the  holes  and  chemical  mechanical  polishing  was  used 
to  planarize  the  surface. 

The  properties  of  the  QMD  have  been  investigated  using 
scanning  electron  microscopy  (SEM),  tapping  mode  atomic 
force  microscopy  (TMAFM),  and  magnetic  force  micros¬ 
copy  (MFM).16  A  SEM  micrograph  of  a  3  bit  by  3  bit  section 
of  the  QMD  in  a  top  view  is  shown  in  Fig.  11(a).  The  mi¬ 
crograph  shows  that  the  nickel  pillars  of  the  QMD  have  a  50 
nm  diameter  and  a  100  nm  period.  The  pillars  are  200  nm  tall 
and  thus  have  an  aspect  ratio  of  4. 

TMAFM  and  MFM  images  taken  simultaneously  on  the 
same  area  of  the  QMD  are  shown  in  Figs.  11(b)  and  11(c), 
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respectively.  The  TMAFM  image  of  a  3  bit  by  3  bit  section 
of  the  QMD  shows  that  the  topology  of  the  nickel  pillars  is 
indistinguishable  from  that  of  the  Si02.  The  surface  is  very 
smooth  with  a  roughness  of  0.5  nm  root-mean-squared.  The 
corresponding  MFM  image,  on  the  other  hand,  clearly  shows 
that  each  bit  has  a  quantized  magnetization  orientation  and 
the  magnetic  image  of  each  pillar  of  the  9  bit  section  can  be 
resolved.  Five  bits  have  the  south  pole  (bright)  on  the  top 
surface  and  the  other  four  bits  have  the  north  pole  (dark)  on 
the  top.  The  QMD  was  demagnetized  before  imaging,  there¬ 
fore  the  nearest  neighbor  bits  have  opposite  magnetic  direc¬ 
tions.  This  magnetization  configuration  is  the  lowest  energy 
state  for  the  QMD.  Our  study  also  showed  that  the  nickel 
pillar  can  be  switched  using  a  MFM  tip  with  a  large  mag¬ 
netic  moment.  The  storage  density  of  the  QMD  is  65 
Gbits/in.2,  which  is  over  two  orders  of  magnitude  higher  than 
that  of  state-of-the-art  commercial  magnetic  disks. 

The  advantages  of  quantum  magnetic  disks  over  the  con¬ 
ventional  disks  are  apparent.  First,  the  writing  process  in  the 
quantum  disk  is  simplified  and  becomes  quantized,  resulting 
in  much  lower  noise  and  lower  error  rate  and  allowing  much 
higher  density.  Instead  of  precisely  defining  the  magnetic 
moment,  area,  and  location  of  each  bit  as  in  a  conventional 
magnetic  disk,  the  writing  process  in  a  QMD  simply  requires 
flipping  the  magnetization  direction  of  a  discrete  single¬ 
domain  bit.  Micromagnetics  simulation  has  shown  that  even 
if  a  writing  field  is  smaller  than  the  size  of  the  bit,  the  writing 
field  will  flip  the  magnetization  direction  of  the  entire  bit, 
leading  to  a  perfect  writing.17  Furthermore,  simulation  has 
shown  that  if  the  overlap  between  the  writing  field  and  a  bit 
is  insignificant,  the  writing  field  would  only  temporarily  per¬ 
turb  the  magnetic  moment  distribution  of  the  bit.  When  the 
writing  field  is  removed  from  the  bit,  the  magnetic  moment 
of  the  bit  returns  to  its  original  state.  In  other  words,  the 
writing  process  in  a  QMD  is  quantized:  a  write  head  either 
writes  perfectly  the  entire  bit,  or  it  does  not  write  the  bit  at 
all.  The  quantized  writing  process  in  the  QMD  will  allow  the 
use  of  a  smaller  and  therefore  faster  write  head.  It  will  avoid 
errors  due  to  the  misplacement  and  the  fringing  field  of  the 
wire  head,  and  hence  is  suitable  for  ultrahigh  density  storage. 

The  second  advantage  of  the  QMD  is  near  zero  transi¬ 
tion  noise.  The  transition  region  between  two  bits  is  replaced 
by  a  nonmagnetic  material  and  the  grains  in  a  QMD  bit  are 
tightly  coupled  and  behave  like  a  single  large  grain.  As  a 
result,  the  noise  from  the  fluctuation  of  grain  magnetization 
orientation  should  be  greatly  reduced,  if  not  completely 
eliminated.  In  QMDs,  the  boundaries  between  the  bits  are 
defined  by  lithography  and  etching.  They  can  be  very 
smooth,  giving  quiet  reading  signals. 

The  third  advantage  of  the  QMD  is  reduced  cross  talk 
between  bits.  The  cross  talk  in  conventional  disks  comes 
from  the  interbit  exchange  interaction  and  magnetostatic  in¬ 
teractions.  In  QMDs,  by  replacing  the  ferromagnetic  material 
that  is  between  the  bits  with  a  nonmagnetic  material,  the 
exchange  interaction  between  the  bits  gets  cut  off  completely 
and  the  interbit  magnetostatic  interaction  is  greatly  reduced. 

The  fourth  advantage  is  a  solution  to  the  tracking  prob¬ 
lem.  In  conventional  magnetic  disks,  the  bits  do  not  always 
have  physically  recognizable  boundaries  between  them. 
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FIG.  11.  (a)  SEM  image,  (b)  TMAFM  image,  and  (c)  MFM  image  of  3  by  3  bits  of  a  QMD  with  65  Gbits/in.2  density.  Each  bit  consists  of  a  nickel  pillar 
uniformly  embedded  in  200  nm  Si02  with  a  50  nm  diameter  (aspect  ratio  of  4)  and  a  100  nm  period.  The  TMAFM  image  shows  a  very  smooth  surface  with 
a  roughness  of  0.5  nm  rms.  The  MFM  image  shows  an  alternating  pattern  of  magnetization  directions  from  each  bit. 


Tracking  depends  on  the  writing  of  the  tracking  marks  and 
the  ability  to  rotate  the  disk  the  exact  amount  so  that  the 
desired  data  aligns  with  the  head  that  writes  or  reads  it.  In 
other  words,  the  tracking  is  “blind.”  Furthermore,  over  14% 
of  total  disk  area  is  used  to  write  the  tracking  marks  in  cur¬ 
rent  commercial  disks.  The  area  for  tracking  marks  is  ex¬ 
pected  to  take  up  significantly  more  disk  area  in  future  high 
density  disks  where  more  precise  tracking  is  required.  In  the 
QMDs,  each  bit  is  isolated  from  one  another  by  nonmagnetic 
material.  Therefore,  there  is  always  a  variation  of  magnetic 
field  between  the  bits  (regardless  of  their  magnetization  di¬ 
rections)  that  provides  the  signal  for  actual  tracking  of  each 
bit.  Namely,  in  a  QMD  drive,  each  bit  can  be  physically  seen 
before  writing  or  reading. 

Clearly,  to  make  the  QMDs  a  competitive  technology, 
low-cost  mass  production  methods  must  be  developed.  One 


of  the  very  promising  technologies  that  we  have  developed  is 
the  nanoimprint  lithography  which  replaces  e-beam 
nanolithography.18  In  nanoimprint  lithography,  a  mold  is  first 
made  with  the  nanoscale  features.  Then  it  is  pressed  into  a 
resist  to  create  a  thickness  contrast  pattern.  After  removing 
the  mold,  the  pattern  will  be  transferred  into  the  entire  resist 
by  RIE.  A  SEM  micrograph  of  25  nm  diam  metal  dots  fab¬ 
ricated  by  nanoimprint  lithography  and  lift-off  is  shown  in 
Fig.  12. 

From  the  above  discussion,  it  is  clear  that  the  QMD 
differs  from  the  discrete  track  disk19,20  and  the  discrete  seg¬ 
ment  disk.21,22 

Finally,  we  would  like  to  point  out  that  although  devel¬ 
opment  of  QMDs  is  still  in  its  infancy,  great  interest  has  been 
generated.  Our  research  shows  that  with  the  state-of-the-art 
nanofabrication  technology,  the  density  of  QMDs  can  reach  a 
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FIG.  12.  SEM  image  of  25  nm  diameter  metal  dots  fabricated  by  nanoim¬ 
print  lithography  and  lift-off. 
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FIG.  13.  SEM  image  of  a  metal  dot  array  with  a  density  of  0.25  Tbits/in.2 


0.25  Tbits/in.2  (Fig.  13)  and  yet  each  bit  is  thermally  stable. 
Besides  the  QMD  media,  the  future  development  of  the 
QMDs  involves  the  development  of  the  ultrahigh  resolution, 
high-speed  read  and  write  heads  as  well  as  new  drive  sys¬ 
tems.  The  heads  will  very  likely  utilize  the  advanced  tech¬ 
nologies  of  nanofabrication  and  scanning  force  probes.  They 
will  be  in  the  form  of  large  parallel  arrays.  The  disk  drive 
may  deviate  from  the  classic  circular  geometry;  instead  it 
may  be  a  linear  drive  based  on  state-of-the-art  microme¬ 
chanical  elements.  Because  of  the  ultrahigh  density  offered 
in  the  QMDs,  the  total  disk  area  for  a  30  Gbit  disk  can  be 
well  less  than  the  size  of  a  penny. 

V.  CONCLUSION 

Using  nanolithography  based  fabrication  technology, 
magnetic  structures  can  be  engineered  to  have  magnetic 
properties  that  cannot  be  achieved  by  conventional  methods. 
Undoubtedly,  the  nanofabrication  approach  opens  up  new 
opportunities  for  engineering  novel  magnetic  materials,  un¬ 
derstanding  the  fundamentals  of  magnetics,  exploring  limits 
of  magnetic  storage,  and  developing  ultrahigh  density  mag¬ 
netic  storage  and  innovative  magnetic  devices  such  as  read 
and  write  heads  for  hard  disks,  magnetotransport  devices, 
and  magneto-optical  devices. 
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I.  INTRODUCTION 

Spin  solitons  leave  a  wake  of  reversed  spins  as  they 
propagate.  Such  excitations  occur  in  a  wide  range  of  sys¬ 
tems:  Extended  domain  walls  in  ferromagnets  (FM)  or  anti- 
ferromagnets  (AF)  whose  center  tunnels  between  adjacent 
lattice  sites  provide  an  example  of  a  macroscopic  quantum 
phenomenon  (MQP).1  Solitons  rather  than  spin  waves  form 
elementary  excitations  in  AF2,3  and  FM  spin- 1/2  chains.  A 
prominent  example  of  spin  solitons  are  holes  moving 
through  a  two-dimensional  (2D)  antiferromagnetic  back¬ 
ground  in  the  context  of  high -Tc  superconductors.  Such 
holes  flip  each  spin  they  pass  in  order  to  maintain  the  local 
Neel  order.  In  all  these  cases,  solitons  tunnel  between  lattice 
sites  and  thus  form  Bloch  bands.4 

So  far,  quantum  solitons  have  been  considered  as  com¬ 
pact  objects  without  internal  degree  of  freedom.  It  is  the 
purpose  of  this  contribution  to  demonstrate  that  spin  solitons 
indeed  carry  an  internal  degree,  the  chirality,  and  that  tunnel¬ 
ing  between  chirality  states  has  striking  consequences  in 
half-integer  spin  systems:  The  Brillouin  zone  is  halved  and 
two  subsequent  band  minima  have  opposite  chirality.  This 
effect  is  shown  to  occur  in  all  of  above  systems  and  gives 
rise  to  a  hole  dispersion  which  is  in  remarkable  agreement 
with  recent  ARPES  (angular  resolved  photoemission  spec¬ 
troscopy)  data  on  Sr2Cu02Cl2  studied  in  the  context  of  high- 
Tc  superconductivity.5 

II.  QUANTUM  DYNAMICS  OF  BLOCH  WALLS 

We  describe  the  spin  configuration  in  a  quasi- ID  ferro¬ 
magnetic  sample  by  the  unit  vector  field  n(x,  r).  The  energy 
for  N0  coupled  spin  chains  of  length  L  is  then  given  by 
CL/ 2 

H=N0  dx{J(dxn)2-Kvn2  +  Kzn2z},  (1) 

J-LI2  7 

with  the  field  conveniently  parametrized  as 

n=(sin  0cos  <£,  sin  0sin<£,  cos  0).  The  first  term  in  Eq.  (1) 
represents  the  exchange  interaction  with  coupling  /,  while 
the  next  terms  are  anisotropies  of  easy-axis  and  hard-axis 
type  with  strength  Ky  ,KZ> 0.  The  hard-axis  anisotropy  ren¬ 
ders  the  xy  plane  an  easy-plane  for  the  spin  configuration. 
We  consider  the  imaginary  time  action  (ft=l), 


yE=¥?B+ J^dr  H,  with  ft  the  inverse  temperature.  is 
the  sum  of  the  Berry  phases  of  all  individual  spins: 
sN0  fL/ 2  ffi 

j^B=  i -  dx\  dr  1  —  cos#) .  (2) 

a  J-LI2  Jo 

The  total  derivative  cj>  in  Eq.  (2)  is  essential.6  While  it  does 
not  affect  the  classical  equations  of  motion,  it  ensures,  e.g., 
the  correct  semiclassical  quantization  of  half-integer  spins. 

As  discussed  in  Ref.  4,  the  model  (1),  (2)  can  also  be 
explicitly  derived  from  a  Heisenberg  model  with  on-site 
anisotropies  in  the  large-s  limit.  However,  it  is  equally  useful 
to  regard  it  as  an  effective  model  which  supports  solitons  and 
keeps  track  of  the  quantum  spin  phases  of  the  reversed  spins 
as  the  soliton  propagates. 

The  model  (1),  (2)  exhibits  soliton  (or  Bloch  wall)  solu¬ 
tions  which  satisfy  SS^E—  0  and  interpolate  between  the  two 
easy-axis  anisotropy  minima  such  that  the  spins  always  stay 
in  the  easy  plane.  As  a  consequence  of  the  symmetries  of  the 
energy  H ,  there  are  four  degenerate  solitons: 

<f>s(x)  -  -  QC  —  +  2arctan  e  Cxis,  6S  =  7t/2,  (3) 

with  <2,C=±1,  and  8=  V J/Ky  the  soliton  width.  The 
“chirality”  C=  \/tt  Jdx(nsX  dxns)z=  \h rfdxdx<j>s  reflects 
the  fact  that  the  transition  between  the  anisotropy  minima 
can  be  accomplished  by  a  right-  or  left-handed  spin  rotation 
in  the  easy  plane  as  one  proceeds  along  the  x  axis. 

For  the  moment,  we  neglect  tunneling  between  different 
chirality  states  of  the  soliton.  As  discussed  in  detail  in  Ref.  4, 
the  effective  action  for  the  position  X  of  a  moving  soliton 
4>s(x— X)  then  reads  as  follows 

3*=  jPdr  |-iaCX+yX2+V(A-)J,  (4) 

where  a=  irsN^la  and  M  =  N0s2/Kza2S  is  the  Doring  mass. 
The  first  term  is  a  chirality  dependent  gauge  potential  and 
results  from  insertion  of  <ps{x-X{f)),6s—  tt!2  into  the 
Berry  phase  term  (2).  The  second  term  is  the  soliton  kinetic 
energy  and  V(X)  =  2Vq  sin2 (7 rX/d)  is  a  periodic  potential 
which  arises  from  the  crystal  lattice  or  from  a  superlattice 
structure.  The  period  d  is  assumed  to  be  an  integer  multiple 
of  the  lattice  constant  a . 
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The  effective  action  (4)  simply  describes  a  massive  par¬ 
ticle  in  a  periodic  potential.  The  gauge  potential  is  the  only 
part  that  reminds  of  the  spin  origin  of  the  particle.  The  action 
(4)  is  equivalent  to  the  Hamiltonian  (1/2 )M  (p 

-  aa3)2+V(X),  where  p=-ididX  is  the  soliton  momen¬ 
tum,  and  the  Pauli  matrix  <r3  characterizes  the  chirality  pseu¬ 
dospin.  The  eigenstates  are  products  \k,C)  =  \k)\C)  of 
chirality  states,  cr3|C)  =  C|C),  and  Bloch  states  | k)  satisfy¬ 
ing  £@\k,C)  =  E(k,C)\k,C),  where  the  band  index  has  been 
suppressed  since  we  are  only  interested  in  the  lowest  band. 

We  are  now  in  a  position  to  calculate  the  dispersion  of  a 
spin  soliton.  Consider  first  the  nearly  free  limit  V0^0.  The 
spectrum  of  then  consists  of  the  pair  of  parabolas 
E(k,C)  =  (1/2M)  (fc—  aC)2  with  chiralities  C=±l,  peri¬ 
odically  extended  by  the  reciprocal  lattice  vector 
K=2Trld.  For  s0  half-odd  integer,  we  have 

(rrl2d)  mod  K  and  thus  the  parabolas  are  separated  by 
irld .  We  thus  arrive  at  the  striking  result  that  the  Brillouin 
zone  (BZ)  is  halved  and  two  consecutive  parabolas  have  op¬ 
posite  chirality.  For  s0  integer,  the  parabolas  are  separated  by 
2a~K,  and  the  BZ  is  not  halved. 

The  same  result  is  also  obtained  in  the  tight-binding 
limit:  An  instanton  calculation4  yields  for  half-integer  s0  the 
dispersion 

E(k)=-  (A/2)|  sin(W)|.  (5) 

The  bandwidth  is  given  by  A  =  S(L>yJy?Q/2rre  '^°,  where 
(4dhr)  VmVq  the  tunneling  action  and 
o)  =  (2Trld)\IV0IM  the  instanton  frequency.  Most  impor¬ 
tant,  the  parts  where  sin  (led)  is  positive  (negative)  belong  to 
positive  (negative)  chirality  and  thus  BZ  halving  and  chiral¬ 
ity  correlation  occurs  as  in  the  nearly  free  limit.  For  integer 
s0 ,  the  band  has  the  simple  tight-binding  form 
E(k)  —  -  ( A)/2  cos (kd)  and  is  degenerate  with  respect  to  the 
chiralities  Q  =  ±  1 . 

III.  CHIRALITY  TUNNELING 

We  now  investigate  how  the  dispersion  (5)  is  altered  due 
to  tunneling  between  the  two  degenerate  chirality  states.  To 
this  end  we  return  to  the  action  9e?E  and  choose  angles 
adopted  to  describe  chirality  tunneling, 

n=(sin  Osin  </>,  cos  6 ,  sin  0 cos  4> ),  i.e.,  the  polar  angle  is 
now  measured  from  the  (easy)  y  axis.  The  soliton  (3)  then 
reads  0Q  =  2arctan  eQx/s  and  the  two  chirality  states 
<f>c=CQ'ir/2  are  separated  by  the  barrier  of  the  hard-axis 
anisotropy.  Chirality  tunneling  thus  consists  of  transitions  be¬ 
tween  (f>=  ±  tt!2.  Inserting  </>(r)  into  9fii ?E  and  integrating  out 
the  fluctuations  around  the  (static)  soliton  we  arrive  at  the 
effective  action  for  the  chirality  dynamics 

ypeff=  J  dr  j  ~-02+  /c  cos2  4>+  rj  cos  <j>+  ?;2/2/cJ  . 

(6) 

The  fluctuations  around  the  soliton  give  rise  to  an  effective 
“mass”  fji  =  N0(s2Sla2Ky)c0  (c0> 0  is  a  numerical  con¬ 
stant  of  order  one).  The  second  term  is  the  energy  barrier  due 
to  the  hard-axis  anisotropy  k=2NqKzS .  This  barrier  be¬ 
tween  the  two  chirality  states  is  lowered  by  an  external  field 
Bz  along  the  hard  axis  which  is  described  by  the  third  term 


with  7}=irgpBsN0BzSla .  The  chirality  then  tunnels  be¬ 
tween  potential  minima  defined  by  cos  <£min 
=  -Bz/Ba^v— 1  with  the  anisotropy  field 
Ba  =  4aKzl7Tgp,Bs.  A  standard  instanton  calculation  gives 
for  the  tunnel  splitting  6=4  yoc  \/S^c/27re  ~^c,  where  y>  0 
a  constant  of  order  one  and  5^c  =  2tts 
N0(  SI  a )  \jc(:  Kz  /Ky  vm,  wc=  (^alTT)^KyKzlcnvm.  Since 
typically  6  can  be  made  quite  large  (by  tuning  Bz  or  small 
N0)  this  tunneling  scenario  is  a  promising  candidate  for  MQP 
behavior. 

In  the  presence  of  chirality  tunneling,  the  effective 
Hamiltonian  becomes  II2M  (p  — aa3)2  +  V(X) 

+  ( 6/2)  o’! ,  where  al\C)  =  \~C).  In  the  tight-binding  limit 
we  have 

eiaCld  \m  +  l,C)(m,C\  +  (7) 

4  m,/,C  1 

with  l=±  1,  and  where  \m,C)  describes  a  soliton  of  chiral¬ 
ity  C  at  lattice  site  m.  S%€  is  immediately  diagonalized 
and  for  s0  half-integer  we  have  Ee(k)=- 
(A/2){  sin2  kd+(e/X)2}112,  and  thus  the  cusps  in  Eq.  (5)  are 
removed.  In  our  case  of  interest,  6  ^A,  the  explicit  form  of 
the  eigenfunctions  reveals  that  two  adjacent  minima  belong 
to  opposite  chirality.  This  correlation  could  be  detected  as 
follows.  First  one  measures  the  chirality  in  a  given  ground 
state,  e.g.,  by  optical  dichroism  techniques  or  spin  polarized 
neutrons.  Then  the  soliton  is  adiabatically  moved  by  an  ex¬ 
ternal  field7  (applied  along  the  easy  axis)  until  it  reaches  an 
adjacent  band  minimum,  and  then  the  chirality  is  measured 
again.  For  half-integer  spin  solitons  the  two  chiralities  are 
opposite,  whereas  for  integer  spins  there  is  no  correlation.8 

Finally,  we  note  that  the  same  chirality  effects  exist  for 
solitons  in  AF.  In  this  case  the  effective  action  contains  the 
same  gauge  potential  as  in  Eq.  (4)  since  the  total  derivative 
cf)  in  Eq.  (2)  is  not  affected  by  the  staggering  induced  by 
local  Neel  order  (the  action  contains  the  term 
i(SN/a)/dxdr<fi  in  addition  to  the  Pontryagin  index).  The 
above  formulas  remain  essentially  unaltered  except  that  the 
effective  masses  are  changed  into  M  —  Nq(s2/JS )  and 
/jl  =  N0  (s2SfJ)  c0,  with  corresponding  changes  in  the  tun¬ 
neling  actions.  Note  that  tunneling  is  more  favorable  in  AF 
than  in  FM  since  typically  J>a2Kyz . 

IV.  SPIN  PARITY  TUNING  AND  EXTERNAL  FIELDS 

We  now  discuss  some  consequences  of  an  applied  exter¬ 
nal  field  B  which  is  described  by  adding  a  term 
N0 h-  fdx  n  with  h=g(pBsla)  B  to  the  energy  H .  For  large 
hard  axis  anisotropy  Kz>Ky  and  a  field  hz  along  the  hard 
axis,  the  soliton  solutions  are  still  given  by  <f>s  as  in  Eq.  (3) 
but  with  cos  0=~hz/Kz .  We  then  obtain  the  effective  action 
(4)  but  with  a  field  dependent  gauge  potential 
a=a(l+hz!Kz).  Since  the  dispersion  of  the  lowest  band 
corresponds  in  the  limit  6/A^0  to  the  lower  envelope  of  the 
two  curves  cos (kd±ad),  an  increasing  external  field  hz 
changes  the  dispersion  periodically  between  integer  and  half¬ 
integer  behavior  with  the  period  A hz=  ( KzlsN0 )  d!a  . 

If  hz(t)  depends  on  time,  then  the  kinetic  part  of  is 
(1/2 M)  (p—  a(t)a3)2  and  thus  dafdt  plays  the  role  of  a 
force  driving  the  Bloch  wall  in  positive/negative  direction  for 
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positive/negative  chirality.  Note  that  this  force  has  its  origin 
in  the  classical  part  of  the  Berry  phase  </>  cos  0 .  As  shown  in 
Ref.  4  such  forces  are  also  induced  by  a  field  hy  along  the 
easy  axis  and  lead  to  Bloch  oscillations  of  the  magnetization. 
Finally,  a  field  hx  gives  rise  to  a  bias  energy  4  ttN0  8hx  be¬ 
tween  the  two  potential  wells  of  opposite  chirality,  or  con¬ 
versely,  this  field  can  be  used  to  offset  unwanted  level  detun¬ 
ing  between  the  two  chirality  states. 

V.  SPIN-1/2  CHAINS 

In  this  case  the  soliton  width  approaches  one  lattice  con¬ 
stant  and  it  is  no  longer  possible  to  assign  a  chirality  to  a 
static  soliton.  However,  quite  surprisingly,  we  shall  see  that 
for  both,  FM  and  AF  chains,  the  chirality  is  generated  dy¬ 
namically.  We  consider  an  Ising  Hamiltonian  with  small  ad¬ 
ditional  anisotropies,  ^i=  ~^i[JzSziSzi+^JySyiSyi+] 
+  /*$*££+ J,  where  S,-  is  a  spin-1/2  operator  at  lattice  site  i 
and \jt\>\jy\9\jxl  These  inequalities  ensure  that  bands  with 
a  different  number  of  solitons  are  well  separated. 

Let  us  first  consider  the  FM  case  with  Jy>Jx,  and  all 
/’ s  positive.  A  soliton  is  characterized  by  its  position  and 
charge  Q~±l ,  e.g.,  \m,Q  =  1)  =  1-Tttill-)  with  the  last 
up  spin  at  the  mth  lattice  site.  The  existence  of  one  soliton  is 
enforced  by  twisted  boundary  conditions,  i.e., 

j  =  —  SXN+  j  .  Under  the  action  of  3@l ,  the  soli¬ 
ton  \m,Q)  hops  by  two  lattice  constants,  \m±2,Q)  plus 
higher  energy  states  with  more  than  one  soliton.  In  the  spirit 
of  Villain’s  approach2  to  the  AF,  we  restrict  ourselves  to  the 
subspace  of  one  soliton.  The  energy  eigenstates  are  given  by 
| k9Cx)—  (llyj^^melkm\\rn,l)  +  elkNd\rny-l  with  the  dis¬ 
persion  E(k)  = \{Jy~ /*)cos(2£d),  where  k={irlNd)n, 
and  n  —  —  N+  1  Thus,  again,  the  BZ  is  halved.  To  in¬ 
vestigate  the  chirality  correlation,  we  consider 
C— 2l-Sl-XSf+1 ,  which  displays  the  chiral  character  of  a 
magnetic  excitation.  Clearly,  the  expectation  value  of  C  van¬ 
ishes  in  a  static  soliton,  ( m,Q\C\m,Q)  =  0 .  However,  we 
easily  verify  that  in  the  one-soliton  subspace,  the  energy 
eigenstates  are  simultaneous  eigenfunctions  of  Cx , 
Cx\k,Cx)  —  sin(M)|/:,Cc},  and  the  x  component  of  the  total 
spin,  'ZiSx\ktCx)=  cos  (kd)\k,Cx),  while  Cz\k,Cx)  =  0.  Thus 
they  remain  good  eigenfunctions  in  the  presence  of  a  uni¬ 
form  external  field  Bxi  where  they  have  a  dispersion 
EB(k)  =  E(k)  +  g(iBBx  cos  (kd).  Similarly,  a  complete  basis 
can  be  found  in  which  Cy  and  J are  simultaneously  diag¬ 
onal.  Thus,  again  we  find  that  subsequent  band  minima  have 
opposite  chirality.  We  note  that  a  field  along  the  z  axis  can 
give  rise  to  Bloch  oscillations,7  analogous  to  the  semiclassi- 
cal  limit  discussed  above. 

In  the  AF  case  we  study  the  Hamiltonian  with  all 
J's  negative  and  Jx=Jy=Jt .  (Note  the  absence  of  an  “easy- 
plane”  anisotropy  in  this  case.)  An  odd  number  of  lattice 
sites  on  a  ring  then  enforces  a  soliton,  e.g., 
|m,2=l)  =  |.TITTlt-)>  where  m  denotes  the  first  spin  con¬ 
stituting  the  soliton.  Proceeding  as  before,  we  obtain 
E(k)  =  Jt  cos(2 kd),  and  again,  states  differing  by  7 rid  have 
opposite  chirality  Cx .  While  this  AF  dispersion  is 
theoretically2  and  experimentally3  well-known,  the  existence 
of  the  chirality  and  its  correlation  does  not  seem  to  have  been 
noticed  before. 


In  passing  we  note  that  for  FM  spin-1  chains  with  on-site 
anisotropies  of  easy-  and  hard-axis  type  we  can  construct 
soliton  eigenstates  in  a  similar  way  as  above.  We  then  find 
the  dispersion  E(k)  =  —  ( Kh/2 )  cos  kd  where  Kh  is  the  hand- 
axis  anisotropy  constant.  This  is  in  agreement  with  the  semi- 
classical  approach  in  Secs.  II  and  III. 

We  thus  have  convinced  ourselves  that  the  effective 
Hamiltonian  (7)  indeed  captures  (for  A)  the  essential 
physics  also  in  spin- 1/2  chains. 

V.  HOLES  IN  2D  ANTIFERROMAGNET 

We  now  discuss  propagating  holes  in  a  2D  AF  back¬ 
ground  of  spin- 1/2.  While  restoring  the  spin  background, 
such  holes  consecutively  flip  spins  as  they  propagate  and 
thus  act  as  spin  solitons  in  2D.  As  they  hop,  solitons  of 
opposite  chirality  acquire  relative  Berry  phases  of 
e±lslT—  ± i.  With  this  physical  picture  in  mind,  we  propose  a 
model  Hamiltonian  for  the  hole  propagation  which  is  a  direct 
generalization  of  the  ID  case,  Eq.  (7): 
3/fh  =  -  (A/4)  Smjl>c  e‘^,2) c  1  |m+l,C)(m,C|  +  (e/2)  of  > 
+  (e/2)  of0,  where  d=  1,  and  |m,C)  describes  a  hole- 
soliton  at  site  m  with  1  connecting  nearest  neighbors. 
C  =(Cx,Cy),  C,-— ±  1,  characterizes  its  chirality  state  along 
the  x  and  y  directions.  <r\^\Cj)  =  |  —  Ct)  describes  chirality 
tunneling.  While  A, 6  are,  in  principle,  still  free  parameters 
with  6/ A  :£l,  our  ID  discussion  suggests  that  A  is  of  the 
order  of  the  exchange  coupling.  Next,  3$h  is  easily  diagonal¬ 
ized  with  the  lowest  band  being  simply  additive, 
Eh  =  E€(kx)  +  E€(ky),  where  Ee(k)  as  given  above.  Indepen¬ 
dent  of  the  values  of  A  >  e  >  0,  this  dispersion  has  three  dis¬ 
tinct  properties  in  remarkable  agreement  with  recent  ARPES 
data  on  Sr2Cu02Cl2.5  It  exhibits  “hole  pockets”  at 
k± ,  ±  =  ( —  ( tt!2) ,  ±  (  tt/2)  ) ,  separated  by  saddle  points  at 
(±(7r/2),0),(0,±(7r/2)).  And  third,  in  marked  contrast5  to 
the  t-J  model,  Eh(kx,ky  =  'rr—kx)  =  Eh(kx,kx),  and  thus  the 
dispersion  reaches  the  full  bandwidth  between  (77,0)  and 
(0,7r).  Finally,  we  see  from  the  exact  eigenfunctions  that, 
again,  states  in  different  hole  pockets  are  correlated  by  their 
chiralities. 
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The  ability  to  miniaturize  magnetic  materials  and  study 
the  magnetic  properties  of  a  single  isolated  particle  has  re¬ 
vealed  classical  and  quantum  phenomena1-3  that  questions 
the  present  understanding  of  the  fundamentals  of  magnetism. 
The  phenomenon  of  macroscopic  quantum  tunneling 
(MQT)4,5  has  received  a  lot  of  attention  and  consists  of  the 
tunneling  of  a  macroscopic  variable  through  the  barrier  be¬ 
tween  two  minima  of  the  effective  potential  of  a  macroscopic 

1  6—8 

system.  For  small  single-domain  ferromagnetic  clusters,  ’ 
these  minima  correspond  to  the  two  states  of  opposite  mag¬ 
netization.  When  there  is  a  repeated  coherent  tunneling  back 
and  forth  between  the  two  wells  we  have  a  case  of  macro¬ 
scopic  quantum  coherence  (MQC).  The  Stone- Wohlfarth 
(SW)  model,9  due  to  its  success  in  the  explanation  of  many 
classical  magnetic  phenomena,  provided  the  idea  that  the  dy¬ 
namics  of  small  magnetic  particles  in  the  single-domain  re¬ 
gime  would  keep  its  simplicity.  However,  the  SW  model  has 
been  found  inadequate  for  explaining  some  details  in  experi¬ 
mental  systems.3  The  quantum  mechanical  effects  have  been 
studied  theoretically  by  the  quantization  within  a  path  inte¬ 
gral  formalism  of  the  classical  micromagnetic  theory  of  mag¬ 
netic  dynamics.6-8  Chudnovsky  and  Gunther6  showed  that  in 
addition  to  superconducting  devices,  single-domain  magnetic 
particles  represent  a  rich  field  for  MQT  study.  In  the  semi- 
classical  approximation,  a  uniform  and  coherent  rotation  of 
all  spins  is  imposed,  that  is,  spins  are  considered  to  behave 
dynamically  as  a  single  quantum  spin.  This  is  known  as 
single  spin  model  (SSM).  In  experiments  with  superconduc¬ 
tivity  quantum  interference  device  microsusceptometers,10  a 
well-defined  resonance  in  the  frequency-dependent  magnetic 
susceptibility  y'(cu)  has  been  found  and  it  is  tempting  to  be 
associated  with  a  MQC  phenomenon  although  there  is  some 
controversy  on  this  interpretation.11  On  the  other  hand,  the 
process  of  magnetization  reversal  in  single  particles12,13  is 
also  being  studied  nowadays  with  much  interest.  Recent 


experimental13  and  theoretical14  works  have  studied  the 
mechanism  of  the  nonuniform  reversal  of  the  magnetization 
in  this  kind  of  particles. 

In  the  present  work  we  have  assumed  that  there  is  no 
dissipation,  T=  0  and  we  have  considered  applied  magnetic 
fields  for  which  the  energy  barrier  is  present,  giving  rise  to 
the  appearance  of  tunneling  phenomena  in  the  reversal  of 
magnetization.  The  results  we  have  found  calculating  the  ex¬ 
act  quantum  evolution  of  the  spins  show  a  qualitatively  dif¬ 
ferent  landscape  to  what  has  been  explained  above:  There  is 
essentially  a  sharp  resonance  corresponding  to  coherent 
quantum  tunneling  of  the  magnetization  but  only  for  a  par¬ 
ticular  magnetic  field,  whereas  for  lower  and  larger  fields  this 
phenomenon  does  not  appear.  Notice  that  in  general,  the 
quantum  evolution  of  the  spins  is  noncoherent.  This  resonant 
coherent  quantum  tunneling  occurs  at  fields  much  lower  than 
the  values  corresponding  to  the  vanishing  of  the  barrier  in 
the  Stoner -Wohlfarth  mode.9  The  former  model  is  at  vari¬ 
ance  with  the  exact  calculations  presented  in  this  paper. 

We  need  to  introduce  the  two-time  correlation  function 
of  the  magnetization,4  which  compares  the  z  component  of  S 
at  one  time  with  its  value  at  a  time  later:  (Sz(tf)Sz(tf  +  t)). 
In  the  present  work,  it  has  been  calculated  the  symmetrized 
correlation  function  C(t )  defined  as  C(t)  =  1/2(^(0)|SZ(0) 
X Sz(t)  +  Sz(t)Sz( 0)|'?r(0)).  With  negligible  dissipation 
present,  coherent  tunneling  back  and  forth  between  the  two 
states  (magnetization  up  and  down)  leads  to  a  sinusoidal  os¬ 
cillation  of  C(t)  at  a  frequency  twice  the  off-diagonal  matrix 
element.  For  two  measurements  of  the  magnetization  sepa¬ 
rated  by  the  time  interval  t,  one  should  have 
(S(t'yS(t'  +  t))  =  Sl  cos(2r/).  As  the  fluctuation-dissipation 
theorem  shows  that  the  frequency-dependent  magnetic  sus¬ 
ceptibility  is  essentially  the  Fourier  transform  of  the 

correlation  function,  the  former  equation  predicts  a  reso¬ 
nance  at  o)r-2 T  for  *"(&>) • 
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We  have  represented  a  system  containing  N  spin  1/2  par¬ 
ticles  in  presence  of  an  applied  magnetic  field  H  through  its 
Heisenberg  Hamiltonian: 

h=-Jx'2,  o*iOj-Hx 

(ij)  { ij )  (ij) 

x2  oj,  (1) 

i  i 


0.00  0.02  0.04  0.06  0.08  0.10 
(a)  Hx2  =  Hz2  (J) 


where  af(a-x9y9z)  are  the  Pauli-spin  matrices  at  site  i  re¬ 
lated  to  the  spin  operators  by  S~hal2 ,  the  sum  (ij)  is  over 
nearest-neighbor  pairs,  Jx  Jy  Jz  are  the  exchange  constants, 
and  HX,HZ  are  the  components  of  the  external  magnetic 
field.  We  have  limited  ourselves  to  systems  with  uniaxial 
anisotropy  A  along  the  z  direction  [ Jx=Jy<Jz  =  J , 
A  =  (JZ  —  JX)/J],  containing  N  particles  (2<jV<  11)  with 
different  geometrical  forms  and  to  instantaneous  rotations  of 
the  magnetic  field  of  several  angles.  The  range  of  the  param¬ 
eters  is  0.017=5  A^O.17  for  the  anisotropy  and  0^H^0.2J 
for  the  magnetic  field.  The  temporal  evolution  of  the  system 
is  calculated  by  a  numerically  exact  solution  of  the  time- 
dependent  Schrodinger  equation  (TDSE).15  This  requires  the 
computation  of  all  eigenvalues  and  eigenvectors  of  the 
Hamiltonian.  For  larger  systems  (7V>8)  we  use  Suzuki’s 
fourth-order  fractal  product  formula15” 17  to  solve  TDSE. 

In  our  particular  model,  at  t  =  0  there  is  a  field  applied 
along  the  z  direction,  ^=(0,0,//^)  with  Hzl< 0.  Then  the 
ground  state  of  the  ferromagnet  has  all  spins  down  and  we 
prepare  the  system  in  this  state.  At  t>0,  the  magnetic  field  is 
rotated  instantaneously  about  the  y  axis  so  that 
H2=(Hx2fi,Hz2)  HX2’Hz2>®  fQrms  an  angle  Of  with 
the  z  axis  (notice  that  nothing  happens  in  the  exact  propaga¬ 
tion  for  fy=0°).  We  have  studied  the  dependence  of  Szh 
mean  value  in  time  of  (Sf(Q)  for  each  different  spin  /,  on  the 
size  of  the  second  magnetic  field  H2 : 


lim 

T — *  00 


(2) 


The  correlation  function  C(t )  for  the  second  Hamiltonian  is 
also  analyzed,  as  well  as  the  eigenvalues,  eigenstates  and 
system  energy  for  each  magnetic  field  considered.  Depend¬ 
ing  on  the  value  of  the  magnetic  field  the  barrier  between  the 
two  directions  of  the  magnetization  can  exist  or  not,  and  this 
way  we  can  speak  about  two  regions:  (a)  tunneling  region 
when  there  is  a  barrier  between  the  two  wells  and  (b)  non¬ 
tunneling  region  when  that  activation  barrier  has  vanished. 

Let  us  concentrate  on  the  results  for  uniaxial  anisotropy 
A  =  0.l(Jx=Jy  =  0.9Jz)  and  a  magnetic  field  forming  an 
angle  0^=45°  with  the  z  direction,  H2=(HX2,Q,Hz2)  with 
Hx2~Hz2.  The  result  obtained  is  the  following:  clusters  with 
N^5,  and  with  different  geometrical  forms  (chain,  ring,  and 
others)  present  a  pronounced  resonance  in  the  curve  of  S]  in 
terms  of  Hx2  =  Hz2  for  a  specific  magnetic  field  Hr  that 
clearly  falls  in  the  tunneling  region  (a).  In  Fig.  1(a)  we  show 
this  result  for  an  open  linear  chain  of  seven  spins.  We  have 
found  that  these  resonances  correspond  to  pure  sinusoidal 
oscillations  in  the  correlation  function  C(t)  as  it  must  occur 
when  there  is  MQC.  However,  for  points  around  these  reso¬ 
nances  C(t)  does  not  present  this  sinusoidal  shape  at  all.  In 


FIG.  1.  (a)  5-  for  each  different  spin  i  as  a  function  of  the  size  of  the  second 
magnetic  field  for  a  linear  chain  of  seven  spins,  with  A=0.1  and  0y~ 45°, 
and  (b)  symmetrized  correlation  function  for  the  resonant  field 
Hr~  0.028  070/  (i)  and  two  fields  around  it:  (ii)  H~  0.0276/  and  (iii) 
tf=0.0285,/-(iii)  curve  has  been  shifted  0.25  in  the  y  axis  in  order  to  clarify 
the  picture. 


Fig.  1(b)  we  present  C(t)  at  the  resonant  field  [Fig.  l(b)-(i)] 
and  at  two  fields  around  it  [Fig.  1  (b)-(ii),  (iii)]  for  the  same 
linear  cluster.  Clusters  with  N<  5  do  not  show  this  behavior 
and  the  reason  can  be  explained  in  terms  of  the  spectrum  and 
the  curve  of  Hr  vs  N.  Clusters  with  eight  and  more  spins 
present  more  than  one  peak  although  only  one  is  really  sharp. 

In  order  to  understand  why  a  particular  magnetic  field 
provokes  the  resonant  MQC  we  have  studied  the  system 
spectrum  calculating  its  eigenstates  energies  for  each  mag¬ 
netic  field  applied.  For  a  complete  discussion  of  the  spectrum 
analysis  see  Ref.  18.  This  point  of  view  has  also  been  con¬ 
sidered  for  the  study  of  a  SSM.19  To  give  a  slight  idea,  the 
specific  field  that  produces  the  resonance  makes  practically 
equal  the  energies  of  the  second  and  third  eigenstates  of  the 
system,  which  correspond  essentially  to  all  spins  in  one  di¬ 
rection  and  in  the  opposite,  respectively,  and  which  are  the 
only  relevant  eigenstates  in  the  system  state  at  that  field.  The 
system  energy  for  that  field  is  slightly  above  these  two  levels 
of  energy.  This  fact  permits  a  resonant  tunneling  of  the  mag¬ 
netization  for  a  determined  field  in  each  case.  It  must  be  said 
that  the  levels  do  not  cross,  there  is  a  small  splitting  A  E 
between  their  energies  that  is  related  to  the  tunnel  frequency 
and  in  consequence  to  the  oscillating  period  T  of  the  corre¬ 
lation  function  C(t )  byT=27rftA£,_1.  The  values  of  T  and 
AE  fit  very  well  to  this  formula. 

Other  anisotropy  values  and  other  directions  have  been 
studied  and  we  have  also  found  sharp  resonances  corre¬ 
sponding  to  sinusoidal  correlation  functions.17  This  way  it 
can  be  said  that  the  resonance  found  is  a  general  feature  of 
the  system  considered;  it  appears  for  several  sizes  with  any 
geometrical  configuration,  different  values  of  the  anisotropy 
and  for  all  the  directions  of  the  magnetic  field  H2  studied. 

In  Fig.  2  we  show  the  dependence  of  the  resonant  fields 
Hr  and  the  field  Hb  that  makes  the  barrier  disappear  in  the 
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FIG.  2.  Dependence  of  the  resonant  field  Hr  (solid  circles)  and  the  field 
needed  to  vanish  the  activation  barrier  Hb  (open  circles)  on  the  number  of 
spins  for  a  fixed  geometrical  configuration.  The  solid  triangular  symbols 
correspond  to  the  second  peak  in  the  Sj  curve  for  clusters  with  more  than 
seven  spins. 

single  spin  model  (SSM)  on  the  number  of  spins  (N<  11)  for 
the  same  geometrical  configuration  (chain).  As  we  can  see  in 
Fig.  2  Hr<Hb  for  systems  with  5.  However  Hr  and  Hb 
have  an  opposite  dependence  on  the  number  of  spins:  while 
Hb  increases  with  the  number  of  spins  since  the  barrier 
height  is  proportional  to  N,Hr  decreases  with  it.  The  differ¬ 
ence  between  Hr  and  Hb  increases  with  N  and  in  conse¬ 
quence  the  resonance  is  situated  further  from  the  region 
where  the  barrier  vanishes  and  the  semiclassical  approaches 
are  applied.6  The  tendency  shown  by  the  two  curves  can 
explain  why  clusters  with  N<5  do  not  present  such  reso¬ 
nance,  as  well  as  the  fact  that  the  second  and  third  eigen¬ 
states  energies  do  not  get  close  but  keep  a  considerable  gap 
between  them.  An  interesting  point  is  that  when  N  increases 
and  so  the  separation  between  Hr  and  Hb  becomes  larger, 
new  peaks  or  resonances  appear.  We  have  observed  this  be¬ 
havior  in  clusters  with  more  than  seven  spins.  The  field  cor¬ 
responding  to  the  second  peak  in  eight  spins  cluster  is  below 
Hb  whereas  in  seven  spins  cluster  the  second  peak  field  is 
above  Hb  (see  Fig.  2).  The  sharpness  of  the  peaks  is  related 
to  the  separation  between  the  levels  involved.  When  the  re¬ 
pulsion  between  the  levels  involved  becomes  larger  the  peak 
gets  less  important.  As  N  increases  and  new  resonances  ap¬ 
pear  in  the  tunneling  region,  those  corresponding  to  very  low 
fields  become  smaller. 


In  conclusion,  we  have  studied  the  reversal  of  magneti¬ 
zation  and  the  coherence  of  tunneling  when  an  external  mag¬ 
netic  field  is  rotated  instantaneously  in  systems  for  a  few 
spin  1/2  particles  described  by  an  anisotropic  Heisenberg 
Hamiltonian  at  T=0.  Our  calculations  demonstrate  that  the 
model  studied  for  systems  with  4<A<  11,  for  any  geometri¬ 
cal  configuration  and  for  different  anisotropy  values  exhibits 
collective  tunneling  of  the  magnetization  only  for  some  spe¬ 
cific  resonant  values  of  the  magnetic  field,  at  variance  with 
the  Stoner- Wohlfarth  model  that  predicts  coherent  rotation 
at  all  fields. 
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Spain  and  the  European  Community. 
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Frequency  mixing  phenomena  in  a  bistable  system 
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A  response  of  a  bistable  system  subject  to  several  periodic  and  random  forcing  is  discussed.  It  is 
shown  that  spectrum  components  of  the  response  on  mixed  frequencies  demonstrate  a  noise-induced 
enhancement  typical  for  stochastic  resonance.  The  quenching  of  the  spectrum  harmonics  due  to  an 
application  of  a  constant  force  that  destroys  symmetry  of  the  potential  is  calculated.  The  theory  is 
checked  on  a  simple  bistable  magnetic  system:  a  local  part  of  a  domain  wall  in  a  thin  ferrit-gamet 
film.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)76808-1] 


I.  INTRODUCTION 

A  response  of  bistable  systems  subject  to  periodic  and 
random  forcing  attracted  a  lot  of  interest.  i~7  It  was  found  that 
a  signal,  which  is  a  spectrum  component  of  the  system  re¬ 
sponse  on  the  frequency  of  the  periodic  force,  can  be  en¬ 
hanced  by  an  application  of  an  additional  noise  source.  As  a 
result,  the  signal-to-noise  ratio  R  for  a  bistable  system  has  a 
peak  at  some  noise  strength.  This  phenomenon  is  called  sto¬ 
chastic  resonance  (SR).  The  “quality,”  Q ,  of  SR  can  be  char¬ 
acterized  by  the  ratio  of  the  maximum  Rmax  over  the  mini¬ 
mum  Rmin  of  a  SR  curve: 

Q  =  R  max^mim  (1) 

where  the  SR  curve  is  the  dependence  of  the  signal-to-noise 
ratio  (SNR)  upon  the  noise  strength  D.  The  “canonical”  de¬ 
pendence  of  R  upon  D  is  given  by2,3 

C  I  A  U\ 

R=^exp[-—j,  (2) 

where  C  is  a  constant  and  A  U  is  the  barrier  height.  One  may 
expect  from  (1)  and  (2)  that  the  resonance  quality  can  be 
arbitrary  large.  However,  this  is  not  true.  Equation  (2)  ac¬ 
counts  for  transitions  between  minima  and  disregards  system 
motion  inside  the  well.  Taking  this  motion  into  account,2  we 
find 


Q=(x)0/to,  (3) 

where  oo  is  the  modulation  frequency  and  to0  is  the  frequency 
of  system  vibrations  inside  the  well.  Thus,  the  higher  the 
frequency  of  the  periodic  force,  the  smaller  the  resonance 
peak  is  observed.  If  the  driving  frequency  is  close  to  the 
vibration  frequency,  we  see  no  enhancement  of  SNR  at  all. 

There  is  also  an  experimental  problem  of  conventional 
SR:  an  inevitable  influence  of  the  driving  circuit  upon  the 
signal  registration  circuit. 

Both  problems  can  be  solved  by  measurement  of  spec¬ 
trum  components  of  the  response  of  a  bistable  system  subject 
to  two  different  periodic  forcing.  System  motion  inside  one 
well  is  linear  for  small  force  amplitudes  and  does  not  con¬ 
tribute  to  spectrum  harmonics  (signals)  on  mixed  frequen¬ 
cies.  So,  we  can  expect  to  achieve  higher  values  of  the  reso¬ 
nance  quality  even  for  a  large  driving  frequency.  In  addition, 
signals  shall  be  measured  on  frequencies  different  from  those 
of  periodic  forcing.  This  excludes  the  circuitry  problem. 

In  this  paper  we  show  that  the  spectrum  harmonics  of  the 
response  of  a  bistable  system  subject  to  several  periodic  forc¬ 


ing  in  the  presence  of  noise  exhibit  stochastic  resonance  be¬ 
havior.  We  also  discuss  the  case  of  an  asymmetric  bistable 
potential  and  check  the  theory  on  an  isolated  magnetic  do¬ 
main  wall. 

Closing  this  section,  we  note  that  the  quality  of  SR  can 
be  characterized  by  the  ratio  of  signals  at  the  maximum  and 
at  the  minimum  of  the  noise  dependence  of  the  signal: 
Q'~S max/S min*  This  ratio  is  proportional  to  (c oq/co )2  and  pre¬ 
sents  the  same  feature  as  Q. 


II.  THEORY 
A.  Model 

Let  us  consider  system  motion  in  a  symmetric  bistable 
potential  UQ(x )  exposed  to  an  action  of  a  driving  force, 
F(t)=flcos(a)lt)+f2cos(a)2t),  a  constant  force,  h,  and  a 
random  force.  We  use  the  simple  approach  to  the  problem,  in 
which  a  continuous  bistable  system  is  replaced  by  a  discrete 
system  governed  by  a  rate  equation  2  Let  n  +  (t)  be  the  prob¬ 
ability  to  find  the  system  near  the  right  minimum  of  the 
potential  and  n_(0  be  the  probability  to  find  the  system  near 
the  left  minimum.  We  can  write 


where  x0  is  the  position  of  the  maximum  of  the  potential  and 
p(x,t)  is  the  probability  distribution  of  the  continuous  sys¬ 
tem.  The  corresponding  rate  equation  is 

dn+  dn- 

—  =  -  —  -  W„(t)n.  -  W+(t)n+  ,  (5) 

where  W±(t)  is  the  transition  rate  out  of  the  ±  state.  The 
probability  density  of  the  discrete  system  can  be  found  as 

P(x,t)  =  n  +  S(x  —  x+)  +  n-8(; r  — jc_),  (6) 

where  x±  is  chosen  to  minimize  errors  in  the  calculation  of 
moments. 

We  consider  the  case  where  the  noise  strength  D  is  not 
high,  so  that  important  integrals,  e.g.,  (4),  are  concentrated 
near  the  minima  of  the  potential.  This  restriction  is  given  by 

=*±  •  (7) 

where  2  a  is  the  distance  between  minima  of  the  symmetric 
potential. 


D<a 1 


d2U 
dx 2 
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In  the  absence  of  modulation  we  have  stationary  popu¬ 
lations 

exp  (±ha/D) 

n±0=  lch(halD)  1  j 

and  x±  =  (x)±2nT0a,(x)  =  a-th(ha/D).  It  is  worth  noting 
that  x+  —  X-  =  2(n+0  +  n-o)a  =  2a  even  in  the  presence  of 
the  constant  force  h . 

We  need  an  expression  for  transition  rates  in  order  to 
solve  time-dependent  problem  (4).  Under  the  same  restric¬ 
tion  (7)  the  rates  can  be  written  as8 

o)  [  U(x0)-U(x±)} 

- D - j'  <9) 

where  U(x 0)  is  the  maximum  value  of  the  potential.  It  is 
easy  to  find  for  the  symmetric  potential 

U(x0)  - U(x±)  =  MJ±ha  +  (h2/2)([U"(x0)]~ ] 

+  [(U”(x±)V'),  (10) 

where  A  U  is  the  barrier  in  the  absence  of  external  forces.  We 
also  assume  that  forces  are  small  (ha.Fa^AU )  and  slow 
(a)l,oj2<oj0).  Then,  the  third  term  in  (10)  can  be  neglected 
and  adiabatic  approximation  can  be  used,  which  gives 

I  A  U±ha±F(t)a\ 


W±(t)=v  exp  - 


W±0  =  v  exp 


AU±ha' 


Introducing  (11)  into  (5)  and  developing  all  values  in  series 
with  a  small  parameter  e=Fa/D:  n  +  =  n+0  +  n  +  l  +  n+2 
+  ---,W±  =  W±0+W±1  +  W±2  +  --%  we  find 

^  =  0=W_0-[W+o+W_o]n+o,  02a) 


dn+l  W-iW+0~  W+]W-0 
dt  W+0+W_o 


-[W+o+W_0]n  +  1, 


where  the  coefficients  are  A  =  [2W+0W_0/(W+0 
+  W_0)](fa/D),  B=W+0+W^0=2vKrch(ha/D),  vKr 

=  v0  exp(— At//D)  is  the  Kramers  frequency,  and 
vq=u>J( 2tt).  Equation  (13)  contains  all  information  about 
SR.  It  gives  the  signal 


4  it f 2  a4 


[4  v2Krch2(ha/D)  +  (o]]ch2(halD) 


■  =  —  [ W+]  +  W_  ]]n  +  j  —  [ W+o+  W_0]«+2'  * '  ■ 


_ ^VkA[_ _  (15) 

N  [4v^rch2(ha/D)  + (o2]ch(ha/D)' 

and  the  signal-to-noise  ratio 

„  nf2a2  vKr  Ro 

R~  D2  '  2ch(ha/D)A.f  ch(hafD)' 

where  R0  is  SNR  in  the  absence  of  the  constant  force  h.  If 
W+o+W-o^Wi,  then  we  have  S^So/ch^iha/D),  where 
S0  is  the  signal  for  the  conventional  SR. 

We  draw  an  important  conclusion  from  Eqs.  (14) — (16): 
SNR  and  the  signal  are  very  sensitive  to  the  symmetry  of  the 
bistable  potential.  Another  useful  conclusion  is  connected  to 
the  scale  of  changes  of  SNR  and  the  signal  with  h.  It  is  clear 
from  Eqs.  (14)— (16)  that  the  scale  is  simply  D/a.  This  infor¬ 
mation  can  be  used  to  evaluate  small  constant  forces  or/and 
to  find  parameters  of  an  unknown  bistable  potential. 

C.  A  constant  force  and  two  periodic  drivings 

Let  us  return  to  the  main  case  where  forces  h,f  ]  ,/2  are 
not  equal  to  zero.  In  order  to  investigate  frequency  mixing 
we  should  solve  linear  equations  (12.2),  (12.3),...  subse¬ 
quently.  An  analytical  solution  is  possible.  However,  it  is 
very  complicated.  For  this  reason  we  present  the  analytical 
solution  for  the  case  W+o+  0J2 ■  Being  much  sim¬ 

pler,  this  case  contains  all  essential  features  of  the  phenom¬ 
enon.  Then,  the  signal  on  the  mixed  frequencies  is 

TraAf]f\  vl  exp(  —  2AU/D)th2(ha/D) 
S2((o]±o)2)=— —A  4  ch\ha/D) 

(17) 

and  noise  is  given  by  (14).  Third-order  approximation  yields 


Equation  (12a)  gives  stationary  populations  (8),  (12b)  de¬ 
scribes  SR  in  case  of  nondegenerate  minima,  (12c)  and  the 
following  equations  describe  frequency  mixing  phemonema. 
The  calculation  is  straightforward  and  we  present  only  the 
results. 


B.  A  constant  force  and  periodic  driving 

First,  we  consider  the  asymmetric  case  h=£0  with  only 
one  periodic  component  f\=f,  /2=0-  Solving  (12b)  gives 
the  spectral  density  ^(w), 


S  (<o)=  4«+0«-o' 


2 A2  \  4 a2B  4va2A2 


B2+(oj  B2+(o2  B2+(o 


—  CO) 


2 vl  exp(  -  2 A  U/D) 

3D6  [4v2Krch2(ha/D)  +  (v2]ch2(ha/D)' 


We  see  that  the  signals  are  proportional  to 
Sn~(fa/D)nv2Kn  where  n  is  the  order  of  approximation. 
Consequently,  the  spectrum  harmonics  demonstrate  typical 
stochastic  resonance  behavior.  The  interesting  feature  of  (17) 
and  (18)  is  the  general  property  of  Sn  as  a  function  of  h.  One 
can  see  that  S2n,n  =  \,2,...  has  the  minimum  at  h=0,  while 

S 2n - i,n  =  1,2 _  has  maximum  at  h=  0,  see  also  Ref.  4. 

Moreover,  the  spectrum  components  S2n  of  the  response  are 
zero  when  h  is  zero.  The  maximum  of  second  harmonics 
(17)  is  reached  at  h-  D/a  where  the  potential  is  asymmetric. 

Again,  the  scale  of  signal  changes  with  h  is  D/a.  This 
information  can  be  used  for  noise  evaluation. 
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FIG.  1.  The  signal  as  a  function  of  the  constant  magnetic  field.  The 
sample  is  ferrit-garnet  film  with  magnetization  50  G,  thickness  30  fi m,  the 
anisotropy  field  1300  Oe.  The  frequency  is  1  kHz,  the  length  of  the  studied 
domain  wall  part  is  5  (im. 

III.  EXPERIMENT 

The  theory  has  been  checked  on  an  isolated  domain  wall 
of  a  thin  ferrit-garnet  film.  Experimental  installations, 
samples,  and  adjustment  procedures  are  described  in  Ref.  9. 
A  position  of  a  local  part  (5  ^m)  of  a  domain  wall  pinned 
between  two  neighboring  microdefects  has  been  measured 
by  means  of  magnetooptics.  The  domain  wall  was  subjected 
to  several  periodic  drivings  in  the  presence  of  constant  and 
noiselike  magnetic  fields.  The  spectrum  components  of  the 
response  were  measured  by  a  spectroanalyzer  as  a  function 
of  the  noise  strength  and  the  constant  magnetic  field.  Figure 
1  displays  a  harmonic  of  odd  order  as  a  function  of  the  mag¬ 
nitude  of  the  constant  field.  The  same  dependence  for  a  har¬ 
monic  of  even  order  is  shown  in  Fig.  2.  We  note  that  the 
function  of  Fig.  1  has  the  maximum  at  zero  field,  while  that 
of  Fig.  2  has  the  minimum  at  zero  field  in  agreement  with  the 
theory.  Figure  3  demonstrates  third-order  harmonics  as  a 


FIG.  2.  The  signal  S2(w2— wi)  as  a  function  of  the  constant  magnetic  field. 
The  frequencies  are:  wj-3  kHz,  (o2=4  kHz.  The  sample  is  the  same  as  in 
Fig.  1. 


FIG.  3.  The  signal  S3(3a>)  as  a  function  of  the  constant  magnetic  field  for 
two  different  noise  strength.  The  frequency  is  1  kHz,  (a)  the  dimensionless 
noise  strength  Z)-0.8  (b)  the  dimensionless  noise  strength  D=QA.  The 
sample  is  the  same  as  in  Fig.  1. 

function  of  h  for  two  different  noise  strengths.  Again,  we  see 
qualitative  agreement  with  the  theory:  the  bigger  the  noise 
strength,  the  larger  the  scale  of  signal  changes.  Experiments 
also  confirmed  the  stochastic  resonance  dependence  of  har¬ 
monics  upon  the  noise  strength. 

IV.  CONCLUSION 

It  has  been  shown  that  spectrum  harmonics  of  a  bistable 
system  response  to  periodic  driving  exhibit  noise-induced 
enhancement.  The  quality  of  stochastic  resonance  has  been 
defined.  It  has  been  shown  that  the  quality  is  larger  for  har¬ 
monics  on  mixed  frequencies.  The  important  dependence  of 
the  signals  upon  the  constant  force  that  destroys  the  symme¬ 
try  of  the  potential  has  been  calculated.  The  theory  has  been 
checked  on  a  simple  bistable  magnetic  system — an  isolated 
domain  wall  pinned  between  two  microdefects. 
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Low  temperature  magnetic  relaxation  and  quantum  tunneling 
in  nanocrystalline  particles  (abstract) 

X.  X.  Zhang,  J.  M.  Hernandez,  E.  C.  Kroll,a)  R.  Ziolo,a)  and  J.  Tejada 

Department  de  Fislca  Fonamental,  Universidad  de  Barcelona,  Diagonal  647,  08028  Barcelona,  Spain 

We  report  measurements  of  the  magnetic  relaxation  rate  versus  temperature  for  ferrofluid  and 
magnetic-glass  samples,  which  are  formed  by  a  modification  of  nanocomposite  material  consisting 
of  nanocrystalline  CoFe204  and  polymer.1  The  magnetic  properties  of  the  samples  have  also  been 
studied  by  using  SHE-SQUID  at  different  temperatures  (1.8-300  K)  with  low  and  high  applied 
magnetic  field  (-5  T  to  5  T).  The  magnetic  relaxation  in  two  samples  show  a  perfect  logarithmic 
dependence  on  the  time,  i.e.,  M(t)  =  M(t0)[l-S  ln(r/r0)],  in  accordance  with  the  ZFC-FC  results 
which  indicate  that  there  is  wide  energy  distribution.  The  temperature  independence  of  magnetic 
viscosity  5=[  HM(t0)dM/d]\n  t  below  several  Kelvin  for  the  two  samples  gives  clear  evidence  of 
macroscopic  quantum  tunneling  of  magnetization,  in  accordance  with  current  theories  of  quantum 
tunneling  of  magnetization.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)70108-6] 


a>Also  with  Xerox  Webster  Research  Center,  Xerox  Corporation,  800  Philips 
Rd.  01 14-39D,  Webster,  NY  14580. 

'R.  F.  Ziolo  et  al..  Science  257,  219  (1992). 
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Annealing  and  geometric  effects  in  the  magneto-impedance  of  amorphous 

C°70. 4 ^4.6^1 5^10  alloys 
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Giant  magneto-impedance  effects  in  different  measuring  geometries  (longitudinal  and  transverse)  of 
amorphous  Co7a4Fe4-6Si15B10  ribbons  under  different  field  annealing  have  been  studied  at  various 
frequencies  (0.1  Hz-2  MHz).  For  suitably  annealed  samples,  rich  peak  features  have  been  observed 
in  longitudinal  MI  measurements.  For  transverse  MI  measurements,  a  large  effect  magnitude  has 
also  been  found.  These  results  are  discussed  in  terms  of  the  effects  of  the  magnetic  annealing  and 
measurement  geometries  on  the  effective  permeability.  ©  7996  American  Institute  of  Physics. 
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Recently,  frequency  and  field  dependent  impedance  has 
been  observed  in  amorphous  materials  with  nearly  zero 
magnetostriction.1-3  The  origin  of  the  pronounced  magne¬ 
toimpedance  (MI)  effects  appears  to  be  the  field  dependence 
of  the  effective  transverse  permeability,  which  is  better  un¬ 
derstood  in  the  case  of  amorphous  wires.2  Very  recently,4  we 
reported  the  effects  of  field-annealing  geometry,  highlighting 
the  role  of  transverse  anisotropy  on  the  longitudinal  MI 
(LMI).  However,  many  questions  concerning  the  nature  of 
the  MI  and  the  rich  spectra  of  the  MI  effects  remain  to  be 
addressed.  A  key  question  is  the  role  of  the  measurement 
geometry  on  the  MI.  Early  reports  for  transverse  MI  (TMI), 
describe  a  very  insignificant  effect.1,3  We  show  in  this  work 
that  the  TMI  effects  not  only  exist,  they  have  the  same  order 
of  magnitude  as  the  LMI.  We  also  report  on  the  effect  of  the 
field-annealing  and  measurement  geometries  of  amorphous 
Co70.4Fe4.6Sii5B10  ribbons.  The  dependency  of  MI  on  fre¬ 
quency  (up  to  2  MHz)  is  also  reported. 

Samples  from  adjacent  portions  of  the  same  amorphous 
Co704Fe46Si15B10  ribbon  were  cut  into  sections  of  10X1 
mm2.  The  average  thickness  of  the  ribbon  was  20  jmm  and 
the  resistivity  about  115  m ft  cm.  Four- terminal  MI  measure¬ 
ments  with  In  metal  contacts  were  used  in  the  low  frequency 
range  (0.1  Hz^/^100  kHz).  Sinusoidal  current  (up  to  20 
mA)  was  provided  by  a  low  noise  current  source,  and  the 
signal  detected  by  a  dual-channel  lock-in  amplifier.  The  re¬ 
sults  are  expressed  in  terms  of  the  impedance 
Z(I0  ,f,H)  =  R(Iq  JM)  +  iX(I0 ,/,//)  =  (VR  +  i  Vx)/I0 .  In 
the  low  frequency  range,  the  dc  field  was  provided  by  an 
electromagnet  with  fields  up  to  5  kOe.  For  the  high  fre¬ 
quency  (rf  range)  measurements  (100  kHz^/^2  MHz),  a 
three-terminal  method  was  used.  The  rf  signal  was  amplitude 
modulated  in  order  to  allow  lock-in  detection  of  the  signal 
proportional  to  the  impedance  Z(70,/,77).  The  dc  field  in  rf 
measurements  was  provided  by  a  long  solenoid  with  a  maxi¬ 
mum  field  of  150  Oe  and  a  field  uniformity  better  than  2%. 
Magnetic  annealing  (7^  =  300  °C)  was  performed  in  flowing 
Ar  gas  with  zero  or  2  kOe  field  oriented  either  parallel  to  the 
long  direction  of  the  samples  (longitudinal  annealing)  or 
along  the  short  direction,  but  still  in  the  sample’s  plane 


^Permanent  address:  Depto.  de  Fisica,  UFSM,  97119-900  Santa  Maria  RS, 
Brasil. 


(transverse  anneal).  In  what  follows,  the  MI  effect  will  be 
expressed  as  A Z/Z(Hmm),  A R/R(HmJ,  and  A X/R{HmJ, 
where  77max=5  kOe  for  the  low  frequency  and  77max=  150  Oe 
for  the  high  frequency  range. 

In  Fig.  1  the  longitudinal  magnetoimpedance  (LMI)  re¬ 
sults  for  the  samples  subjected  to  different  annealing  geom¬ 
etries  are  shown.  These  measurements  were  taken  at  100  kHz 
and  20  mA  peak  value  for  the  probe  current.  There  is  a  large 
LMI  effect  in  the  as-produced  sample  [Fig.  1(a)]  with  two 
round  peaks.  Upon  annealing  at  zero  field,  the  magnitude  of 
the  effect  decreases  significantly  [Fig.  1(b)],  but  the  two 
round  peaks  can  still  be  observable.  Longitudinal  annealing 
produces  a  very  small  effect  [see  Fig.  1(c)]  and  the  overall 
shape  is  a  wide  plateau  with  no  resolvable  peak.  Transverse 
annealing  recovers  the  large  MI  effect  [Fig.  1(d)]  with  very 


FIG.  1.  Longitudinal  magnetoimpedance  (LMI)  results  at/=100  kHz  and 
20  mA  peak  probe  current  of  (a)  as-cast  sample  and  samples  subjected  to 
different  annealing  conditions  at  7^=300 °C:  (b)  at  HA=  0,  (c)  longitudi¬ 
nally  annealed  at  HA=2  kOe,  and  (d)  transversely  annealed  at  HA~2  kOe. 
The  results  are  expressed  as  A R!R{Hmaf)  and  A X/R(//max).  All  graphs  share 
the  same  vertical  scale  indicated  by  the  10%  mark. 
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FIG.  2.  Transverse  magnetoimpedance  (TMI)  for  the  same  samples  shown 
in  Fig.  1. 


well-defined  peak  structure.  It  may  be  noted  that  LMI  occurs 
in  very  low  fields,  in  the  field  range  of  only  ±  10  Oe. 

It  should  be  mentioned  that  in  Fig.  1(a),  1(b),  and  1(c), 
the  decreasing-field  curves  (not  shown)  and  the  increasing- 
field  curves  (shown)  are  essentially  the  same.  In  Fig.  1(d) 
however,  the  two  shoulder  peaks  at  ±6  Oe  are  reversible, 
whereas  the  central  peak  is  hysteretic;  the  central  peak  at  2 
Oe  in  Fig.  1(d)  appears  at  -2  Oe  in  the  decreasing  field 
curve. 

In  Fig.  2,  the  transverse  magneto-impedance  (TMI)  mea¬ 
surements  for  the  same  samples  of  Fig.  1  are  shown.  A  large 
effect  is  again  observed  in  the  as-cast  sample  [Fig.  2(a)] 
which  shows  a  bell-shaped  curve  without  many  of  the  details 
present  in  the  LMI.  For  the  sample  annealed  in  a  zero  field 
[Fig.  2(b)],  the  magnitude  of  the  effect  is  much  smaller  than 
the  as-cast  case,  in  a  way  consistent  with  the  LMI.  For  the 
longitudinally  annealed  sample  [Fig.  2(c)],  the  TMI  shows 
broad  peaks  in  the  resistance  and  reactance  curves.  For  the 
transversely  annealed  sample  [Fig.  2(d)],  the  large  effect  in 
TMI  is  again  retrieved,  in  a  manner  similar  to  that  of  the 
LMI.  Although  still  showing  bell-shaped  curves,  the  R  vs  H 
and  X  vs  H  curves  indicate  some  peak  structure,  which  con¬ 
tains  as  many  as  four  broad  peaks.  As  shown  in  Fig.  2,  re¬ 
gardless  of  the  annealing  conditions,  the  MI  effect  for  the 
reactance  part  (A X/Rdc)  is  usually  larger  than  that  of  the 
resistance  part  (A R/Rdc),  except  for  the  transversely  an¬ 
nealed  sample. 

It  should  be  noted  that  the  principal  difference  between 
LMI  and  TMI  is  that  the  field  range  in  TMI  is  about  one 
order  of  magnitude  larger  than  those  of  the  LMI.  If  one  were 
guided  by  the  LMI  results  shown  in  Fig.  1  and  attempted  to 
measure  TMI  using  only  small  external  fields,  one  would  not 
have  observed  a  large  TMI  effect.  This  may  explain  why 
TMI,  with  magnitude  similar  to  that  of  LMI,  was  not  re¬ 
ported  earlier.1,3 


LMI 


Hac 


FIG.  3.  Schematics  showing  the  effects  of  annealing,  measurement  geom¬ 
etries,  and  induced  anisotropies  on  longitudinal  (LMI)  and  transverse  (TMI) 
magnetoimpedance  for  (a)  as-cast,  (b)  annealed  at  zero  field,  (c)  longitudi¬ 
nally  annealed,  and  (d)  transversely  annealed  samples.  The  relevant  trans¬ 
verse  susceptibility  (second  column)  for  LMI  and  apparent  longitudinal  sus¬ 
ceptibility  for  TMI  (third  column)  are  also  shown.  For  the  LMI  the  dc  field 
H  is  parallel  to  the  sample’s  length  and  for  the  TMI  the  field  is  parallel  to 


The  differences  between  the  LMI  and  the  TMI  measure¬ 
ments  can  be  understood  in  terms  of  the  effect  of  the  anneal¬ 
ing  and  measurement  geometry  on  the  effective  differential 
permeability,  the  underlying  quantity  responsible  for  the  MI 
effects.  It  is  well  accepted  that  in  LMI,  there  are  different 
regimes  in  high  permeability  materials,  depending  on  the 
relative  values  of  the  sample  thickness  t  and  the  skin  depth 
length:2  Sm  =  c/^27Tcoa/uL&ff,  where  a  and  jneff  are  the  con¬ 
ductivity  and  the  effective  differential  permeability  of  the 
material,  (o  the  angular  frequency,  and  c  is  the  speed  of  light. 
The  field  and  frequency  dependence  of  the  permeability 
Me ff=l+Xeff  play  a  central  role  in  defining  the  magnitude  of 
the  MI  and  the  peak  structure  observed. 

It  is  a  well-known  fact5  that  the  as-cast  samples  already 
have  a  small  amount  of  anisotropy  induced  during  the  fabri¬ 
cation  process,  with  an  effective  anisotropy  field  of  H'K ,  as 
schematically  shown  in  Fig.  3(a).  Upon  annealing  in  the  zero 
field,  part  of  this  anisotropy  is  relaxed,  but  not  eliminated.  A 
perpendicular  component  of  the  anisotropy  with  respect  to 
the  probe  current  is  still  present  in  both  the  LMI  and  the  TMI 
cases,  as  indicated  in  Fig.  3(b).  For  the  longitudinally  an¬ 
nealed  sample  [Fig.  3(c)],  a  larger  part  of  the  anisotropy  is 
parallel  to  the  long  direction  of  the  sample,  whereas  in  the 
case  of  the  transverse- annealed  sample  [Fig.  3(d)],  a  larger 
part  of  the  anisotropy  is  induced  perpendicularly  to  the  long 
direction  of  the  sample.  The  geometry  of  measurement  de¬ 
fines  which  permeability  is  important  for  the  MI.  In  all  LMI 
measurements,  the  field  produced  by  the  probe  current  Hac  is 
perpendicular  to  the  applied  dc  field  H.  The  magnetization 
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processes  produced  by  the  probe  current  will  then  be  de¬ 
scribed  by  the  transverse  differential  susceptibility  Xt  -6  As  a 
consequence,  \t  will  t>e  the  relevant  susceptibility  for  the 
LMI.  On  the  other  hand,  in  TMI,  the  field  generated  by  the 
probe  current  Hac  and  the  applied  dc  field  H  are  parallel  to 
each  other  and  to  the  average  dc  magnetization.  In  this  case 
the  magnetization  processes  produced  by  the  probe  current 
will  be  described  by  the  longitudinal  differential  susceptibil¬ 
ity  Xl  >6  which  is  the  relevant  one  for  the  TMI. 

The  details  of  the  field  dependence  of  the  susceptibili¬ 
ties,  and  hence  the  peak  structures  in  the  MI,  are  the  results 
of  the  relative  orientation  of  the  field  generated  by  the  probe 
current  Hac ,  the  anisotropy  field  HK ,  and  the  applied  field  H. 
In  the  second  column  of  Fig.  3,  the  expected  behavior  of  Xt 
vs  H  curve,  relevant  to  LMI,  is  schematically  shown  for  each 
annealing  geometry.  The  demagnetization  field  in  LMI  has  a 
negligible  contribution  to  the  internal  field  because 
and  DL  is  small.  For  TMI,  the  longitudi¬ 
nal  susceptibility  Xl  is  °f  relevance.  Furthermore,  in  this 
case,  the  demagnetization  field  has  a  large  effect;  it  not  only 
influences  the  internal  field  via  but  more 

importantly,  it  also  places  a  limit  for  the  longitudinal  suscep¬ 
tibility  Xl  The  apparent  susceptibility  is  xTP  = 

+  4tt-  .  DtXl)>  which  is  Xl  corrected  for  demagnetizing  ef¬ 
fects.  In  the  limit  that  Xl  is  larSe>  the  apparent  susceptibility 
will  be  given  by  a£pp  ^  1/4 7T  •  Z)r,  which  together  with  the 
smaller  internal  field  produce  the  bell-shaped  curves  for  the 
transverse  measurements  over  a  large  range  of  applied  field 
H.  The  expected  apparent  differential  susceptibility  curves 
for  the  various  samples  are  schematically  represented  in  the 
third  column  of  Fig.  3.  The  demagnetization  effects  will  al¬ 
ways  be  present  in  the  TMI,  regardless  of  the  details  of  the 
field  dependence  of  the  differential  permeability  or  the  an¬ 
nealing  geometry.  The  field  dependence  of  the  intrinsic  Xl  Is 
therefore  masked. 

The  LMI  effects,  hardly  influenced  by  the  demagnetizing 
effects,  provide  the  actual  field  dependence  of  Xt>  with 
which  one  can  unravel  the  processes  that  contribute  to  the 
peak  structure  of  the  LMI  and  Xt  •  As  mentioned  earlier,  the 
as-cast  sample  already  has  anisotropy.5  It  is  well  known  that 
after  transverse  annealing,  the  transverse  susceptibility  (xt) 
develops  a  peak  at  H=HK.6'S  We  therefore  identify  the 
shoulder  peaks  in  Fig.  1(d),  located  at  ±6  Oe,  as  HK. 

The  central  peaks  in  the  transverse- annealed  sample  can 
be  attributed  to  a  maximum  in  the  permeability  associated  to 
the  domain  wall  (DW)  motion.9  This  identification  is  consis¬ 
tent  with  the  fact  that  the  central  peaks,  located  at  ±2  Oe,  are 
hysteretic,  as  mentioned  earlier.  The  susceptibility  can  be 
described  as  A=ADW+*rot’  where  Adw  is  the  susceptibility 
associated  with  domain  wall  motion  and  Arot  is  the  suscepti¬ 
bility  associated  with  the  rotation  process.  This  hypothesis 
can  be  tested  by  high  frequency  measurements,  because 
these  susceptibilities  (adw  and  Arot)  have  different  attenua- 


FIG.  4.  The  results  of  LMI  at  40  mA  at  various  frequencies  for  the  trans¬ 
versely  annealed  sample. 

tion  constants  due  to  their  different  nature.  In  metallic 
samples,  including  amorphous  materials,  DW  motion  is  at¬ 
tenuated  at  lower  frequencies,  when  compared  with  the  rota¬ 
tion  process. 

The  LMI  vs  H  curves  for  the  sample  annealed  under  a 
transverse  field  are  shown  in  Fig.  4  for  various  frequencies. 
Above  100  kHz,  while  the  amplitude  of  the  shoulder  peaks 
increases,  the  amplitude  of  the  central  peaks  decreases  as  the 
frequency  increases  and  vanishes  for /5=  2  MHz.  Thus  the 
vanishing  central  peak  in  this  transverse-annealed  sample 
corroborate  the  assertion  that  the  central  peaks  are  associated 
with  DW  motion  as  proposed4  and  described  above.  It  is  also 
noted  that  the  magnitude  of  the  LMI  is  very  high,  increasing 
as/172  and  reaching  more  than  150%  at  high  frequencies.  The 
width  of  the  shoulder  peaks  also  broadens  with  frequency. 
These  results  will  be  described  elsewhere. 
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Size  dependence  of  the  magnetoresistance  in  submicron  FeNi  wires 
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The  field-dependent  magnetoresistance  (MR)  characteristic  and  magnetic  hysteresis  behavior  has 
been  studied  in  300-500  A  thickness  Ni80Fe20  wires  of  variable  width  (w)  in  the  range  from  0.2  to 
10  /A m.  As  the  width  of  the  wire  decreases,  a  marked  increase  in  the  easy  axis  coercive  field  is  seen 
for  fields  applied  along  the  wire  axis  and  the  form  of  the  MR  characteristic  is  markedly  modified  for 
the  in-plane  perpendicular  hard  axis  direction  with  a  large  field-dependent  MR  response  observed 
for  applied  field  strengths  exceeding  the  edge  demagnetizing  field.  The  low  field  hard  axis  results 
are  discussed  in  terms  of  an  inhomogeneous  spin  configuration  across  the  width  of  the  wires  arising 
from  the  spatial  variation  of  the  demagnetizing  field.  ©  1996  American  Institute  of  Physics. 
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The  size-dependence  of  the  magnetization  reversal  pro¬ 
cess  in  submicron  structures  provides  an  important  opportu¬ 
nity  in  testing  micromagnetic  models  and  in  exploring  mag¬ 
netoresistance  effects  associated  with  the  modified  spin 
ordering  arising  from  the  reduced  dimensions.  Advances  in 
fabrication  techniques  based  on  advanced  electron  lithogra¬ 
phy  together  with  recent  developments  in  micromagnetic 
computational  techniques  have  opened  new  perspectives  in 
this  field.  An  understanding  of  the  magnetization  reversal 
processes  and  magnetoresistance  (MR)  response  in  small  fer¬ 
romagnetic  elements  is  also  important  for  the  design  and 
optimization  of  miniature  MR  heads  for  ultrahigh  density 
data  storage  applications.1  Whereas  the  magnetoresistance 
properties  of  micron-range  permalloy  thin  films  have  already 
been  extensively  investigated,2"4  in  the  present  work  we 
present  the  results  of  a  systematic  study  of  the  magnetization 
reversal  process  in  submicron  Ni80Fe2o  wires  fabricated  us¬ 
ing  advanced  lithography  techniques.  We  show  that  striking 
new  effects  are  observed  in  the  reversal  processes,  leading  to 
strong  variations  in  the  MR  response  at  large  fields. 

An  ultra  high  vacuum  system  with  a  base  pressure  of 
5  X 10“ 10  Torr  was  used  to  prepare  continuous  film  structures 
of  the  form  30  A  Au/t  Ni80Fe20/GaAs(001)  with  £  =  300  A 
and  £=500  A.  The  Ni80Fe20  layers  were  deposited  at  a  rate  of 
2.5  A/min.  The  pressure  during  growth  was  2.5  X10-9  Ton- 
while  the  substrate  was  held  at  30  °C.  The  film  was  annealed 
at  120  °C  for  30  min  to  remove  the  uniaxial  anisotropy  in¬ 
duced  during  growth.  Ni80Fe20  wire  arrays  of  variable  width 
(w)  in  the  range  from  0.2  to  10  /am  were  fabricated  using 
electron  beam  lithography  and  optimized  pattern  transfer 
techniques  based  on  a  combination  of  dry  and  wet  etching. 
The  separation  (5)  between  wires  is  1-10  times  the  wire 
width  so  that  the  wires  are  weakly  interacting  (low  s)  or  well 
isolated  (large  s). 

The  pattern  was  first  transferred  to  the  Au  layer  by  sput¬ 
tering.  The  pattern  is  further  transferred  to  the  underlying 
Ni80Fe20  layer  using  wet  chemical  etching  with  a  solution  of 
HC1:HN03  :H20(1:25:200).  This  is  made  possible  because  of 
the  high  etch  selectivity  between  Au  and  Ni80Fe20.  Complete 
removal  of  Ni80Fe20  in  the  gap  between  array  structures  was 
confirmed  using  energy  dispersive  x-ray  analysis  (EDX).  De¬ 
tails  of  the  fabrication  process  are  described  in  Ref.  5. 

For  MR  measurements,  electrical  contacts  to  the  arrays 


were  made  using  standard  optical  lithography,  metallization 
and  liftoff  of  20  nm  Cr/300  nm  Au.  The  wires  are  each  of 
length  250  jum  and  extend  over  a  distance  of  250  fx m.  An 
initial  determination  of  the  device  resistance  at  zero  applied 
field  was  made  and  it  was  found  that  the  resistance  scaled 
approximately  inversely  with  the  proportion  of  metal  remain¬ 
ing  after  etching.  A  dc  current  of  1  mA  (Ref.  6)  was  passed 
along  the  wires  of  each  grating  and  the  resistance  was  re¬ 
corded  automatically  using  a  four  terminal  method  as  the 
magnetic  field  was  swept.  The  magnetic  field  was  applied  in 
the  plane  of  the  structures  for  all  the  measurements  reported 
since  the  magnetization  of  the  continuous  films  lies  in  plane. 
MOKE  magnetometry  measurements  were  made  in  the  lon¬ 
gitudinal  geometry  using  a  stabilized  HeNe  laser  source  and 
a  focused  spot  size  at  the  sample  of  0.2  mm. 

The  field-dependent  magnetization  ( M-H )  loops  of  the 
grating  structures  were  measured  with  the  field  parallel  (0 
=0°)  and  perpendicular  (0=90°)  to  the  wire  axis  in  order  to 
investigate  the  effect  of  shape  anisotropy.  Figure  1(a)  shows 
the  results  of  the  MOKE  measurements  on  a  300-A-thick 
Ni80Fe20  grating  with  w=0.5  jam  and  5=0.5  /am.  This  mea¬ 
surement  is  compared  with  that  of  the  reference  sample  (un¬ 
structured  material)  that  went  through  all  the  processing 
steps  but  which  displays  almost  zero  anisotropy.  The  MOKE 
measurements  on  the  unstructured  material  display  the  same 
M-H  behavior  in  both  orientations  as  that  of  the  original 
film  prior  to  fabrication.  This  shows  that  the  magnetic  prop¬ 
erties  of  the  film  are  preserved  during  processing.  There  is  a 
marked  increase  in  the  saturation  field  of  the  M-H  loop 
obtained  along  the  hard  axis  (0=90°)  in  the  0.5  fim  wire,  in 
comparison  with  the  loops  obtained  along  the  easy  axis  (0 
=0°)  and  for  the  reference  film,  due  to  the  magnetic  shape 
anisotropy.  A  surprising  feature  of  the  hard  axis  MOKE  data 
of  Fig.  1(a)  is  that  it  is  asymmetric  with  applied  field  imply¬ 
ing  that  different  energy  states  are  explored  according  to  the 
sense  of  the  field  sweep,  presumably  due  to  incomplete  satu¬ 
ration  at  the  wire  edge.  Presented  in  Fig.  1(b)  are  the  easy 
axis  coercive  fields  derived  from  experimental  hysteresis 
loops  for  various  wire  widths.  The  increase  in  the  coercive 
field  with  reduced  width  is  in  qualitative  agreement  with  the 
results  of  earlier  work.7,8 

In  Fig.  2(a)  the  magnetoresistance  (MR)  response  to 
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FIG.  2.  (a)  The  magnetoresistance  (MR)  response  to  fields  applied  along  the 
easy  axis  for  a  wire  grating  with  film  thickness  t=500  A  and  s=  10  w  for 
various  wire  widths,  (b)  The  coercive  field  corresponding  to  the  sharp 
minima  in  the  MR  curves  in  (a)  plotted  as  a  function  of  the  wire  width. 


FIG.  1.  (a)  MOKE  loops  of  a  wire  array  with  wire  width  w=0.5  /xm  and 
separation  s=0.5  /im  (top)  and  of  the  unstructured  material  (bottom).  The 
thickness  of  the  film  is  300  A.  (b)  The  easy  axis  coercive  fields  derived  from 
the  experimental  hysteresis  loops  for  various  wire  widths. 


fields  applied  along  the  easy  axis  is  presented  for  various 
wire  widths,  plotted  as  a  percentage  defined  as 

dR  \R(H)-R{H=  0) 

Y~[  R(H=  0) 

The  sharp  minimum  in  the  longitudinal  MR  curve  corre¬ 
sponds  to  the  switching  of  the  magnetization  in  the  wires, 
and  therefore  it  is  taken  as  the  coercive  field  of  the  wire.  The 
coercive  field  corresponding  to  the  minimum  of  the  MR 
curves  is  plotted  as  a  function  of  the  wire  width  in  Fig.  2(b). 
A  marked  increase  in  the  coercive  field  Hc  with  decreasing 
width  is  again  observed.  This  has  been  explained  by  Kryder9 
as  resulting  from  the  buckling  of  magnetization  perpendicu¬ 
lar  to  the  length  of  the  wire.  This  leads  to  the  formation  of 
domain  walls  perpendicular  to  the  wire.  These  walls  do  not 
move,  but  block  the  reverse  domain  from  propagating  down 
the  wire  because  the  width  of  the  wire  is  smaller  than  the 
buckling  wavelength.  Edge  wall  curling  is  expected  to  occur 
for  small  w.  A  related  result  has  been  obtained  by  Smyth 
et  al}°  for  small  particles  where  a  corresponding  transition 
to  a  spin  vortex  process  is  observed  with  reduced  particle 
size. 


Figure  3(a)  shows  the  MR  response  to  a  hard  axis  field 
for  various  wire  widths.  A  near  reversible  behavior,  almost 
symmetric  with  field  strength  is  now  obtained,  indicating  that 
spin  rotation  processes  rather  than  domain  wall  motion  oc¬ 
cur.  The  dependence  of  the  MR  curves  on  the  orientation  of 
the  applied  field  will  be  described  elsewhere.11  The  form  of 
the  MR -H  curve  is  greatly  changed  according  to  the  wire 
width.  A  striking  feature  is  the  large  MR  response  at  high 
fields  exceeding  the  maximum  value  of  the  demagnetizing 
field  Ms  which  occurs  at  the  edge  of  the  wire  (approx.  IT).  A 
reduction  in  the  magnitude  of  the  maximum  magnetoresis¬ 
tance  ratio  with  reducing  wire  width  is  also  observed  and  we 
note  that  the  easy  axis  peak  MR  also  reduces  with  reducing 
wire  width. 

The  observed  behavior  can  be  attributed  to  the  aniso¬ 
tropic  magnetoresistance  effect7  at  low  field  (i.e.,  beneath  the 
maximum  demagnetizing  field).  The  change  in  response  with 
wire  width  can  be  partly  explained  in  terms  of  the  inhomo¬ 
geneous  demagnetizing  field  across  the  width  of  the  wires 
resulting  from  the  spatial  variation  of  the  dipolar  field  due  to 
the  edge  charges.7  As  the  wire  width  is  reduced,  a  greater 
proportion  of  the  current  flows  in  the  regions  in  the  vicinity 
of  the  edges  of  the  wires  where  the  demagnetizing  field  is 
large,  and  hence  the  response  extends  to  larger  applied  fields. 
The  average  hard  axis  saturation  field  can  be  estimated  as12 
(SI  units) 


H  c 
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FIG.  3.  (a)  The  MR  response  to  fields  applied  along  the  hard  axis  for 
various  wire  widths  for  a  grating  structure  with  r=500  A  and  5=  10  w.  (b) 
MR  vs  reduced  field  h  =  H!Hs  as  a  function  of  the  wire  width  for  a  grating 
structure  with  r=500  A  and  s  =  w. 


where  Hd  represents  an  estimate  of  the  demagnetizing  field 
at  the  wire  center,  t  is  the  film  thickness,  w  the  wire  width, 
and  Ms  is  the  saturation  magnetization  of  the  material  and 
the  magnetic  anisotropy  of  the  constituent  film  is  assumed  to 
be  zero.  From  the  results  of  Fig.  3(a),  Hs  can  be  estimated 
for  various  values  of  wire  width.  Figure  3(b)  shows  a  plot  of 
the  MR  vs  the  reduced  field  (A)  as  a  function  of  the  wire 
width,  where  h  =  HIHs .  We  find  that  a  near  universal,  para¬ 
bolic  behavior  is  obtained  for  Ha^Hs.  This  result  is  ex¬ 
pected  from  a  simple  magnetostatic  model  of  the  MR  re¬ 
sponse  for  fields  applied  along  the  hard  axis  which  assumes 
coherent  rotation  of  the  spins.  For  fields  smaller  than  the 
average  demagnetizing  field  only  the  spins  in  the  interior 
region  of  the  wire  rotate  significantly  with  applied  field  and 
the  average  rotation  angle  will  initially  scale  with  h.  For 
Ha>Hs  a  significant  deviation  of  the  response  from  the  uni¬ 
versal  curve  with  reducing  wire  width  is  seen.  The  deviation 
from  the  universal  behavior  at  high  fields  is  clearly  associ¬ 
ated  with  the  spin  configuration  at  the  edge  regions  of  the 
wire  where  the  demagnetizing  field  approaches  the  maxi¬ 
mum  value  given  by  Ms  and  a  scaling  behavior  is  no  longer 
expected.  However  for  fields  larger  than  the  demagnetizing 
field  at  the  edge,  the  resistance  continues  to  vary  with  field  in 
an  almost  linear  fashion.  It  is  possible  that  the  spin  configu¬ 
ration  at  the  edge  of  the  wire  is  greatly  modified  with  reduc¬ 
ing  width,  for  example  due  to  an  edge  pinning  effect  but  it  is 
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FIG.  4.  The  experimentally  determined  and  calculated  values  of  the  demag¬ 
netizing  field  Hd  as  a  function  of  the  wire  width  for  a  grating  structure  with 
r=500  A  and  s-  10  w. 


also  possible  that  a  transverse  magnetoresistance  effect  seen 
in  thick  Ni  films  contributes.13  The  experimentally  deter¬ 
mined  and  calculated  values  of  the  field  Hd  are  plotted  as  a 
function  of  the  wire  width  in  Fig.  4.  Reasonable  agreement 
between  the  calculated  and  the  experimentally  determined 
values  is  obtained.  However  in  order  to  understand  the  origin 
of  the  high  field  behavior,  further  computational  and  experi¬ 
mental  studies  are  clearly  needed. 

In  summary,  we  have  studied  the  magnetization  reversal 
process  in  submicrometer  Ni80Fe2o  wires  of  variable  width 
(w)  in  the  range  from  0.2  /mi  to  10  /mi  using  magnetoresis¬ 
tive  measurements  and  MOKE  magnetometry.  We  have  ob¬ 
served  a  marked  increase  in  the  coercive  field  as  the  width  of 
the  wire  decreases,  in  agreement  with  earlier  studies.  A  strik¬ 
ing  feature  observed  is  the  large  MR  response  at  high  fields. 
The  departure  from  a  universal  form  of  the  low  field  MR 
characteristic  may  be  explained  in  terms  of  an  inhomoge¬ 
neous  spin  configuration  across  the  width  of  the  wires  result¬ 
ing  from  the  spatial  variation  of  the  demagnetizing  field  but 
the  origin  of  the  high  field  behavior  is  unclear.  We  hope  that 
these  measurements  will  stimulate  accurate  micromagnetic 
simulations  of  the  edge  spin  configurations. 
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For  high  sensitivity  magnetoresistive  (MR)  transducers,  the  role  of  interstrip  gap  is  examined  as  a 
design  parameter.  This  is  modeled  using  analytic  and  numerical  approximations.  As  the  gap  is 
narrowed  the  range  of  linearity  of  the  MR  transducer  decreases  and  the  sensitivity  increases.  For 
gap/width  ratio  exceeding  1.8  the  strips  behave  essentially  as  isolated  strips.  An  example  using 
typical  design  parameters  shows  that  the  minimum  detectable  field  is  reduced  from  6.3  fiOd  \/Hz  to 
3.6  fiOd  VHz  as  gap/width  ratio  is  reduced  from  00  to  0.1.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)77 108-3] 


I.  INTRODUCTION 

Magnetoresistive  (MR)  transducers  for  low  field  applica¬ 
tions  requiring  minimum  detectable  field  (h^ n)  in  the  range 
of  1  /ulOq-  1  mOe  are  typically  made  of  long  strips  of  thin 
films  of  MR  material  (e.g.,  NiFe)  of  thickness  f'-'-TOO  A, 
width  W~  10  pim,  and  length  L~  100  /zm.1”3  The  response  of 
the  MR  transducer  to  applied  field  (sensitivity,  range  of  lin¬ 
earity  of  the  transfer  function,  etc.)  is  determined  by  these 
dimensional  parameters  and  material  parameters — saturation 
magnetization  Ms ,  anisotropy  HK ,  easy  axis  angle  y,  and 
exchange  constant  A .  For  easy  axis  parallel  to  the  long  di¬ 
mension  of  the  strip  the  field  scale  HS=HK+HD ,  where 
demagnetizing  field  HD—4irMstlW ,  plays  an  important  role 
in  determining  the  performance  parameter3 — range  of  linear¬ 
ity  (XHSi  and  sensitivity  °ci  /Hs. 

Practical  transducers  requiring  low  power  consumption 
must  pack  several  such  strips  in  parallel  on  Silicon  (or  other 
substrates)  connected  electrically  in  series  to  obtain  a  resis¬ 
tance  ~1M1  or  higher.  A  typical  interstrip  gap  g  is  1-10 
/xm.  The  effect  of  proximity  is  to  reduce  the  effective  demag¬ 
netizing  field1  in  the  strips  thus  reducing  the  field  Hs .  The 
response  curve  of  the  transducer  saturates  at  a  lower  value  of 
applied  field,  and  has  higher  sensitivity  compared  to  an  iso¬ 
lated  strip. 

Other  investigators1,2  have  modeled  the  response  of  par¬ 
allel  arrays  of  MR  strips  as  part  of  a  more  general  set  of 
design  parameters.  In  this  paper  we  elucidate  the  role  played 
specifically  by  the  interstrip  gap.  Along  with  the  tlW  ratio, 
the  gfW  ratio  emerges  as  an  important  design  parameter  that 
can  be  used  to  tailor  the  response  of  MR  transducers.  Above 
a  certain  value  of  this  ratio  a  parallel  array  of  strips  behaves 
essentially  as  an  isolated  strip.  We  also  calculate  the  im¬ 
provement  in  hmin  obtained  for  realistic  transducer  designs 
by  narrowing  the  interstrip  gap. 


II.  MODEL 

Figure  1  shows  three  parallel  strips  subjected  to  an  ap¬ 
plied  field  perpendicular  to  the  long  dimension  of  the  strips. 
The  material  easy  axis  is  parallel  to  the  long  dimension.  The 
magnetization  rotates  toward  the  applied  field.  As  the  mag¬ 
netization  rotates,  lines  of  north  (+)  and  south  (— )  poles  are 


created  at  the  upper  and  lower  edges,  respectively,  resulting 
in  demagnetizing  field  opposite  to  the  direction  of  rotation. 

Focusing  on  the  central  strip,  the  demagnetizing  field 
inside  is  the  sum  of  fields  from  its  own  edges,  plus  stray  field 
contributions  from  the  edges  of  other  strips.  The  edges  of  the 
three  strips  are  labeled  (0,0'),  (1,2),  and  (l',2').  The  stray 
field  from  the  bottom  edge  1  of  the  strip  above  and  the  top 
edge  1'  of  the  strip  below  is,  in  opposite  direction  to  and 
lower  in  magnitude  than,  the  internal  demagnetizing  field  of 
the  central  strip.  Moving  further  out,  the  stray  field  from  the 
edges  (2,2')  is,  in  opposite  direction  to  and  weaker  than,  the 
field  from  edges  (1,1').  In  the  case  of  an  infinite  number  of 
strips  parallel  to  each  other  the  demagnetizing  field  at  any 
strip  is  given  by  the  sum  of  an  infinite  series  whose  terms  are 
successively  smaller  in  magnitude,  and  of  alternating  sign. 
The  total  demagnetizing  field  is  smaller  than  that  of  an  iso¬ 
lated  strip  for  a  given  rotation  of  magnetization.  This  results 
in  a  less  stiff  behavior  of  a  parallel  array  of  strips  compared 
to  an  isolated  one. 

As  an  initial  approximation,  we  treat  the  magnetization 
as  uniform  across  the  width  of  the  strip,  and  use  the  ellipsoi¬ 
dal  approximation  which  has  been  shown  to  be  adequate  for 
strips  of  dimensions  t<W<L?  The  demagnetizing  field 
from  the  two  pairs  of  edges  (2n,2n')  and  (2n  +  l), 
(2n  +  l)'),  n= 0,1,...  is 


FIG.  1 .  A  parallel  array  of  magnetoresistive  strips. 
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(2n+  l)  +  (2n  +  2)r/  ’ 

where  r  =  g/W.  The  sum  over  infinite  array  gives 


Hd=-4ttMs  —  a(r), 


2  r  •  r  7rz  \ 

"(r)=  l+2r+  2(l+r)2  \T_4/' 


In  arriving  at  the  expression  for  a(r)  the  infinite  sum  over 
the  strips  is  converted  into  an  integral,4  which  is  then  ex¬ 
panded  to  linear  order  in  r/(l  +  r),  ignoring  higher  order 
terms. 

In  the  limit  of  r— >0,  the  factor  a(r)— K);  in  the  opposite 
limit  of  r— »<»,  a(r)— >  1.  The  first  limit  corresponds  to  the 
strips  coming  in  physical  contact,  in  which  case  there  is  no 
demagnetizing  field,  and  the  second  limit  corresponds  to  an 
isolated  strip.  In  both  cases  Eq.  (2)  yields  physically  sensible 
limits  for  the  demagnetizing  field.  Note  that  for  glW  ratio 
exceeding  3,  the  proximity  effect  is  negligible;  a(3)=0.94. 

A  more  exact  analysis  is  performed  using  numerical 
methods.  In  Fig.  1  assume  that  magnetization  M  varies  along 
the  width  (y  axis)  and  is  constant  through  the  thickness  (z 
axis).  We  also  assume  that  the  strip  is  infinite  along  the 
length  (x  axis)  and  the  magnetization  profile  is  translation- 
ally  invariant  along  this  axis.  We  define  a  unit  length  mag¬ 
netization  vector  m ~(mx  ,my  ,mz )  using  M=M5m.  The  strip 
width  is  divided  into  N  equal  bins.  The  continuous  magneti¬ 
zation  profile  is  approximated  by  a  discrete  magnetization 
profile  nip  i-  1 ,...  JV.  The  demagnetizing  field  in  real  space 
is  given  as  the  weighted  sum  over  ( myi  ,mzi ),  i=  1,...,A,  the 
weighting  factors  being  the  pairwise  interaction  kernels  be¬ 
tween  bins. 

Two  different  representations  of  these  interaction  kernels 
are  calculated.  For  an  isolated  strip  the  continuous  magneto¬ 
static  Greens’s  function5  is  discretized,  integrated  along  the  x 
axis  and  averaged  over  the  width  of  the  source  bin.  For  the 
infinite  array  of  parallel  strips  we  employ  the  FFT  method  to 
calculate  the  demagnetizing  field.  Magnetization  and  interac¬ 
tion  kernels  are  expressed  in  the  Fourier  space.6  The  FFT 
method — computationally  much  faster  than  the  real  space 
method — is  well  suited  to  this  problem  because  of  its  inher¬ 
ent  periodicity. 

Energy  minimization  is  performed  using  conjugate  gra¬ 
dient  method  with  gradient  information.7  Instead  of  the  3  N 
variables  (mxi,myi,mzi)  a  nonlinear  transformation  is  used 
to  obtain  2 N  variables  for  use  in  the  minimization.  These  are 
N  in-plane  angles  0f,  —7r<6i^7r,  and  N  out-of-plane  tilt 
variables  £ ,  —  1  <  £  ^  1 . 


III.  PERFORMANCE  TRADEOFFS 

We  use  this  formalism  to  calculate  the  magnetoresistive 
response  of  an  array  of  parallel  strips  of  thickness  t— 200  A, 
width  W=10  yam,  and  gap  g=0.5-40  yam.  The  exchange 
constant  A  =2X1 0-6  erg/cm,  and  47rM5=10  kG,  HK=A  Oe 
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FIG.  2.  Half  width  at  half  height  of  the  MR  response  curves  as  the  interstrip 
gap  is  varied.  The  symbols  represent  actual  data  points  from  the  numerical 
calculations,  the  joining  line  is  used  as  a  guide  for  the  eyes.  For  comparison 
the  half  width  for  an  isolated  strip  is  also  shown. 

and  the  applied  field  is  in  the  range  -60^//A^60  Oe.  Also 
calculated  is  the  magnetoresistive  response  of  the  corre¬ 
sponding  isolated  strip.  The  familiar  approximately  parabolic 
curve3  is  obtained  whose  width  decreases  as  the  gap  becomes 
narrower.  The  half  width  at  half  height  half  is  calculated  for 
all  these  curves.  Figure  2  shows  //half vs  r  f°r  these  strips 
and  the  isolated  strip.  For  r>1.8  //half  is  within  94%  of  value 
for  the  isolated  strip. 

An  improved  estimate  of  a(r)  than  that  obtained  from 
the  ellipsoidal  approximation  [Eq.  (2)]  is  made  as  follows. 

half =Hk/V2 for  r=0.  The  quantity  HDeS  =  //half  -  HK/V2  is 
proportional  to  the  demagnetizing  field,  and  is  a  function  of 
r.  From  this,  one  obtains  a(r)  =  HDQff(r)IHDQ ^0°),  i.e.,  the 
ratio  of  HD eff  to  the  value  calculated  for  the  corresponding 
isolated  strip.  Figure  3  shows  a(r)  vs  r  for  0^r^4.  Note 
that  a(r)=0.94  for  r  =  1.8.  For  comparison  a(r)  calculated 
from  the  ellipsoidal  approximation  is  also  shown.  It  shows 
that  as  r  increases  the  array  of  parallel  strips  approaches  the 
response  of  an  isolated  strip  more  rapidly  than  that  calculated 
from  the  ellipsoidal  approximation. 

As  an  example  we  calculate  the  effect  of  reducing  the 
interstrip  gap  on  h^.  If  we  construct  a  barberpole 
transducer8  of  these  strips,  with  a  2/3  ratio  of  spacing  be¬ 
tween  the  shorting  bars  and  the  width,  the  sensitivity  is 


FIG.  3.  Demagnetizing  field  reduction  factor  a{r)  due  to  the  proximity 
effect.  For  comparison  the  ellipsoidal  approximation  to  a(r)  is  also  shown. 
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S = 0.9(Apmax/pave)(  1/tf s),  where  (Apmax/pave)  (2.5%)  is  the 
total  MR  effect.  For  a  transducer  of  resistance  R  (1H1)  the 
rms  thermal  noise  voltage  is  Vn~  ^ARkBTkf,  where  A /  is 
the  bandwidth  of  signal  conditioning  electronics.  To  the  ther¬ 
mal  noise  power  must  be  added  any  magnetic  noise  power. 
For  this  estimate  we  assume  that  the  total  noise  voltage  from 
all  sources  is  twice  the  thermal  noise  voltage.  For  a  supply 
voltage  Vs  (10  V),  hmin  is  calculated  using  SVshm J2Vn 
=  6. 

A  transducer  made  of  well  separated  strips  of  t~  250  A, 
and  W— 10  /xm  gives  Hs- 29  Oe,  and  S=0.78  mv/VOe  re¬ 
sulting  in  hmin= 6.3  yuOe/VHz.  If  the  transducer  is  con¬ 
structed  of  the  same  strips  separated  by  a  gap  g  =  1  fim,  then 
a(0.1)=0.5,  //5=16.5  Oe,  and  5=  1.36  mV/VOe  resulting  in 
h min = 3 . 6  /xOe/VHz. 

IV.  DISCUSSION 

The  magnetostatic  interaction  between  parallel  magnetic 
strips  modifies  the  magnetoresistive  response  of  these  strips 
compared  to  an  isolated  strip.  Using  analytic  and  numerical 
methods,  it  has  been  shown  that  in  addition  to  HK  and  t/W 
ratio,  the  g/W  ratio  is  an  important  design  parameter  affect¬ 
ing  the  design  of  magnetoresistive  sensors.  The  FFT  method 
leads  to  efficient  calculation  of  the  demagnetizing  field.  Be¬ 
cause  of  the  inherent  periodicity  of  these  structures,  FFT 
method  is  a  natural  fit  to  this  problem.  The  effects  of  narrow¬ 
ing  the  interstrip  gap  are  significant  in  the  ranges  of  design 
parameters  relevant  to  practical  designs.  Therefore,  these 
models  become  useful  tools  for  the  design  of  MR  sensors  for 
low  field  applications. 


As  g/W  0,  the  range  of  linearity  of  the  magnetoresis¬ 
tive  response  curve  decreases,  and  the  slope  increases.  These 
narrow  gaps  can  be  used  to  advantage  in  designing  high 
sensitivity  transducers.  Conversely,  for  giW>  1.8,  the  effect 
of  the  proximity  is  negligible.  Thus,  if  wide  range  of  linearity 
is  desired  it  is  unnecessary  to  increase  g/W  much  above  1.8. 

An  example  using  typical  design  parameters  demon¬ 
strates  that  reducing  the  g/W  to  0.1  from  the  isolated  strip 
configuration  reduces  ftmin  to  3.6  piOdyJUz  from  6.3 
/xOe/VHz.  This  shows  one  means  of  eking  out  additional 
sensitivity  from  a  maturing  technology  for  low  field  applica¬ 
tions. 
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Large  magnetic  Hall  effect  in  ferromagnetic  FexPt100-x thin  films 

C.  L.  Canedy,  G.  Q.  Gong,  J.  Q.  Wang,a)  and  Gang  Xiaob) 

Physics  Department ,  Brown  University,  Providence,  Rhode  Island  02912 

We  have  observed  a  very  large  extraordinary  Hall  effect  (EHE)  in  a  series  of  Fe-Pt  thin  films  with 
various  Fe  contents.  The  origin  of  this  remarkable  EHE  is  the  large  spin-orbit  interaction  in  the 
Fe-Pt  alloys.  At  certain  Fe  content,  the  Hall  resistivity  can  be  saturated  with  a  magnetic  field  less 
than  2  kG.  The  large  EHE  persists  to  room  temperature  with  little  change  in  magnitude.  The  EHE, 
which  to  our  knowledge  is  the  largest  among  magnetic  transition  metals,  may  find  potential 
applications  in  magnetic  sensors  and  nonvolatile  magnetic  random  access  memories.  We  will 
present  structural  analysis  of  the  Fe-Pt  films.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)77208-X] 


The  study  of  magnetotransport  in  magnetic  solids  has 
received  an  increasing  amount  of  attention  recently.1  The  pri¬ 
mary  driving  force  behind  this  study  is  the  potential  applica¬ 
tions  of  various  novel  magnetic  solids  in  information  storage 
devices  and  magnetic  sensors.1  Most  of  the  research  in  this 
area  has  focused  so  far  on  the  magnetoresistance  aspect,  with 
relatively  little  attention  being  paid  to  the  magnetic  Hall  ef¬ 
fect,  often  called  the  extraordinary  Hall  effect  (EHE).  The 
EHE  arises  from  the  spin-orbit  interaction  and  it  can  be 
substantially  larger  than  the  ordinary  Hall  effect.2  Currently, 
a  large  class  of  magnetic  sensors  is  the  semiconductor  Hall 
sensor  which  offers  good  field  sensitivity  and  linearity.  How¬ 
ever,  due  to  a  low  carrier  concentration,  the  internal  resis¬ 
tance  of  a  semiconductor  Hall  sensor  is  large  and  the  fre¬ 
quency  response  narrow.  Metallic  solids,  though  having  a 
high  conductivity  and  a  broad  frequency  response,  are  not 
suitable  for  Hall  sensors  because  of  the  small  Hall  coefficient 
resulting  from  the  inherently  high  carrier  concentration. 
However,  it  has  been  suggested  in  the  past  that  one  may  take 
advantage  of  the  EHE  of  some  magnetic  solids  and  apply  it 
to  data  storage  devices  or  other  types  of  magnetic  sensors.3 
In  reality,  a  large  EHE  generally  occurs  in  rare-earth  based 
magnetic  systems  where  the  spin-orbit  interaction  is  strong,2 
but  the  rare-earth  systems  tend  to  have  low  magnetic  transi¬ 
tion  temperatures  ( Tc )  and  are  rather  susceptible  to  corro¬ 
sion. 

In  this  work,  we  report  on  a  very  large  EHE  uncovered 
in  a  transition-metal  system  of  Fe^Pt^o^  thin  films.  The 
EHE  coefficients  are  roughly  three  orders  of  magnitude 
larger  than  a  typical  ordinary  Hall  coefficient  of  a  metal.  The 
EHE  saturates  at  a  couple  of  kG  and  remains  large  at  room 
temperature.  We  attribute  the  large  EHE  to  the  strong  spin- 
orbit  interaction  existing  in  the  Fe-Pt  alloys. 

The  Fe-Pt  thin  films  used  in  this  study  were  deposited 
on  silicon  (111)  substrates  by  using  the  magnetron- sputtering 
technique.  We  used  the  co-sputtering  method  to  obtain 
samples  with  varying  composition.  Two  of  the  collimated 
cluster  guns  were  loaded,  respectively,  with  an  Fe  (>99.9%) 
and  a  Pt  (>99.9%)  target.  The  composition  of  each  sample 
was  controlled  by  varying  the  sputtering  rates  (2-5  A/s)  of 
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the  two  targets.  Before  each  deposition  the  background 
vacuum  was  better  than  7X10"8  Torr.  The  Ar  sputtering  gas 
pressure  was  kept  at  4.0  mTorr.  All  samples  were  deposited 
at  an  ambient  substrate  temperature.  The  film  thickness  was 
about  2500  A.  The  structure  of  each  sample  was  checked 
using  an  x-ray  powder  diffractometer.  The  standard  photoli¬ 
thography  and  wet  etching  were  used  to  pattern  samples  for 
transport  measurement.  The  magnetic  properties  were  mea¬ 
sured  in  a  superconducting  quantum  interference  device 
magnetometer. 

The  equilibrium  phase  diagram  of  the  Fe-Pt  system  con¬ 
sists  of  two  face-centered-cubic  (fee)  (FePt3  and  Fe3Pt),  one 
tetragonal  superstructures  (FePt)  and  a  continuous  solid  so¬ 
lution  in  the  a-Fe-rich  side.4,5  We  have  made  a  series  of 
samples  with  Fe  content  ranging  from  0  to  50  at.  %.  The  high 
quenching  rate  inherent  in  sputtering  allows  the  formation  of 
metastable  Fe-Pt  solid  solutions.  Figure  1  shows  the  0-26 
x-ray  diffraction  patterns  of  the  Fe^Ptjoo-*  thin  films  used  in 
our  study.  Only  the  (111)  and  (222)  peaks  of  the  fee  structure 


20  (degree) 


FIG.  1.  X-ray  diffraction  patterns  of  the  FexPtl00-x  alloys.  Only  (111)  and 
(222)  peaks  of  the  fee  structure  are  present,  indicating  textured  growth.  The 
details  of  the  (111)  and  (222)  peaks  are  shown  for  various  samples. 
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FIG.  2.  Lattice  constants  of  the  fcc-Fe^Pt100_^  alloys,  obtained  from  the 
(111)  and  (222)  peaks  in  Fig.  1. 

are  present,  indicating  a  high  degree  of  (111)  textured  growth 
of  the  thin  films.  No  secondary  phases  were  found  in  the 
x-ray  patterns.  The  position  of  the  (111)  and  the  (222)  peaks 
shifts  toward  high  angles  as  the  Fe  content  is  increased  (see 
Fig.  1).  The  obtained  lattice  constants  (a)  are  shown  in  Fig. 
2.  Note  that  the  value  of  a  decreases  monotonically  with  the 
Fe  content. 

All  of  the  samples  that  we  studied  are  ferromagnetic.  For 
samples  with  an  Fe  content  larger  than  20  at.%,  Tc  is  above 
300  K.  We  have  also  observed  giant  Fe  moments  largely 
exceeding  those  in  pure  Fe.  The  enhanced  moment  is  caused 
by  the  narrowing  of  Fe  cl  band  and  the  polarization  of  the  Pt 
d  states.5  Detailed  study  of  this  phenomenon  is  underway 
and  will  be  presented  elsewhere. 

In  the  following,  we  will  focus  on  the  EHE  observed  in 
the  Fe-Pt  system.  In  general  the  Hall  effect  is  sensitive  to 
the  magnetic  state  of  the  material.2  This  is  clearly  revealed  in 
Fig.  3,  where  we  show  the  Hall  resistivity  pxy  as  a  function 
of  magnetic  field  H  for  a  representative  Fe30Pt70  sample 
measured  at  4.2,  77,  and  285  K.  The  value  of  pxy  is  defined 
according  to  pxy=Eyljx=VytlIx ,  where  Ey ,  Vy,  jx ,  and  Iy 
are  electric  field,  voltage,  current  density,  and  current,  re¬ 
spectively,  t  is  the  thickness  of  the  Hall  bar.  The  value  of  pxy 
consists  of  two  components,  i.e., 

pxy  =  R0[H + 4  rrM  ( 1  —  D)]  +  Rs4itM  ,  (1) 

where  the  first  term  is  the  ordinary  Hall  effect  (D  is  the 
demagnetization  factor),  and  the  second  term  is  the  EHE 
which  is  proportional  to  the  magnetization  M.  The  depen¬ 
dence  of  pxy  shown  in  Fig.  3  follows  the  magnetic  hysteresis 
curve  closely.  The  large  initial  increase  in  pxy  with  H  is  due 
to  the  EHE.  Once  M  is  saturated,  so  is  pxy .  Above  the  satu¬ 
ration  H,  pxy  is  nearly  independent  of  H  at  T= 4.2  and  77  K. 
The  normal  Hall  effect  is  too  small  to  be  visible  in  Fig.  3.  At 
T=285  K,  the  increase  of  pxy  with  H  in  the  high  field  region 
is  not  due  to  the  normal  Hall  effect,  but  rather  due  to  the  fact 
that  M  remains  unsaturated  up  to  6  T. 

In  Fig.  4,  we  plot  the  EHE  term  at  saturation  (i.e., 
Rs4ttMs)  as  a  function  of  Fe  content  for  the  FexPt100_x  al¬ 
loys.  The  values  of  Rs4ttMs  were  obtained  by  extrapolating 
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FIG.  3.  Hall  resistivity,  pxy ,  as  a  function  of  magnetic  field  measured  at  4.2, 
77,  and  285  K  for  Fe30Pt70. 

the  pxy(H)  curve  from  high  field  to  H= 0.  At  T— 4.2  and  77 
K,  the  quantity  Rs4rrMs  peaks  at  the  Fe  content  of  30%.  The 
initial  rise  of  Rs4rrMs  with  Fe  content  is  simply  caused  by 
the  increasing  concentration  of  magnetic  scattering  centers. 
However,  as  the  Fe  content  is  increased  the  spin-orbit  cou¬ 
pling  strength,  mostly  resulting  from  the  heavy  Pt  atoms, 
becomes  less  effective.  This  eventually  causes  the  EHE, 


FIG.  4.  The  extraordinary  Hall  resistivity,  Rs4ttMs,  measured  at  4.2,  77, 
and  285  K  for  the  Fe^Ptjoo-*  alloys.  The  lines  are  guides  to  the  eyes. 
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FIG.  5.  The  initial  Hall  slope,  dpJdH,  at  4.2,  77,  and  285  K  for  the 
Fe^Ptfoo-*  alloys.  The  lines  are  guides  to  the  eyes. 

originating  from  the  spin-orbit  interaction,  to  weaken  when 
the  Fe  content  exceeds  30%,  despite  an  increasingly  larger 
M.  The  peak  value  of  Rs4irMs  occurring  in  Fe30Pt70  is  5.5 
p£l  cm.  This  is  perhaps  the  largest  magnetic  Hall  coefficient 
obtained  in  transition-metal  based  magnetic  systems.  The 
cause  for  such  a  large  EHE  may  be  twofold:  a  strong  spin- 
orbit  interaction  and  a  strong  polarization  of  the  Pt  d  states 
induced  by  Fe.  It  is  noted  that  the  resistivity  of  these  Fe-Pt 
alloys  is  in  the  range  of  20-70  p£l  cm.  The  Hall  angle  de¬ 
fined  by  tan  6=pxy/pxx  is  also  very  large. 

The  compositional  dependence  of  Rs4ttMs  at  77  K  is 
rather  similar  to  that  at  4.2  K.  All  samples  remain  ferromag¬ 
netic  at  77  K.  However,  at  T= 285  K,  the  jc  =  10%  and  20% 
samples  are  no  longer  ferromagnetic,  thus  suppressing  the 
EHE.  The  peak  of  Rs4itMs  shifts  to  x=40%.  This  is  because 
the  M  of  the  x=40%  sample  remains  appreciable  at  285  K, 
whereas  the  M  of  other  Fe-poor  samples  is  substantially  re¬ 
duced.  Overall,  the  EHE  remains  robust  at  room  temperature 
for  samples  with  Fe  content  larger  than  20%. 

In  addition  to  the  quantity  Rs4vMs ,  the  initial  Hall 
slope  ( d pxy/ dH)  before  saturation  is  also  an  important  quan¬ 
tity  (see  Fig.  3).  As  shown  in  Fig.  3,  the  initial  pxy  is  linear  in 
H.  To  achieve  a  large  Hall  slope  it  is  preferred  to  have  a 
small  saturation  field,  which  is  equal  to  47tM,  when  the 
magnetic  field  is  perpendicular  to  a  thin  film  as  required  for 
the  Hall  measurement.  The  Hall  slope  is  presented  in  Fig.  5 


as  a  function  of  Fe  content.  The  maximum  Hall  slope,  6.9 

cm/T,  is  found  in  the  x  =  30%  sample  at  T=285  K.  The 
Hall  slope  tends  to  be  smaller  at  low  T  because  of  a  larger  M 
at  low  T  and,  hence,  a  larger  saturation  field.  From  the  maxi¬ 
mum  Hall  slope,  we  can  estimate  an  effective  carrier  concen¬ 
tration  (“«”)  if  the  EHE  was  caused  by  the  normal  Hall 
effect.  The  value  of  is  about  5X  1019/cm3.  The  large  Hall 
slope  observed  in  the  Fe-Pt  series  is,  to  our  knowledge, 
among  the  largest  in  transition-metal  based  magnetic 
systems.2  Compared  with  a  normal  metal  such  as  Cu,  the 
Hall  slope  in  the  Fe-Pt  alloys  is  enhanced  by  three  orders  of 
magnitude.6 

The  large  EHE  in  Fe-Pt  could  be  potentially  important 
for  applications,  such  as  magnetic  sensors  and  nonvolatile 
magnetic  random  access  memories  (MRAM).  In  one  version 
of  MRAM  each  memory  cell  consists  of  a  small  Hall  bar 
with  a  large  EHE  and  a  magnetic  perpendicular  anisotropy. 
The  hysteresis  loop  is  squarelike  when  the  field  is  oriented 
perpendicular  to  the  Hall  bar.  A  local  current  loop  switches 
the  M  to  either  an  up  or  down  direction  yielding  a  Hall 
voltage  with  opposite  polarity.  The  Fe-Pt  system  has  both 
the  metallic  conductivity  and  the  large  EHE.  The  magnetic 
perpendicular  anisotropy  can  be  achieved  by  making  either 
sandwich  or  multilayer  structures  involving  Fe-Pt.7  The  sur¬ 
face  or  interface  magnetic  anisotropy  may  cause  the  perpen¬ 
dicular  anisotropy. 

In  summary,  we  have  fabricated  a  series  of 
fcc-Fe^Ptjoo^  thin  films.  Due  to  a  large  spin-orbit  interac¬ 
tion,  the  Fe-Pt  alloys  exhibit  a  very  large  extraordinary  Hall 
effect  which  can  be  saturated  with  a  field  of  a  couple  of  kG. 
Optimal  magnetic  Hall  resistivity  and  Hall  slope  at  room 
temperature  are  found  in  the  sample  Fe30Pt70,  which  is  a 
good  candidate  for  applications. 
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Resistivities  of  sputtered  Ag(3.3  nm)/Cu(fCu),  Ag(3.3  nm)/Au(fAu), 
and  Ni(4.2  nm)/Co(fCo)  multilayers  at  4-5  and  295  K 

L.  L.  Henry,  M.  Oonk,  R.  Loloee,  Q.  Yang,  W.-C.  Chiang,  W.  P.  Pratt,  Jr.,  and  J.  Bass 

Department  of  Physics  and  Astronomy  and  Center  for  Fundamental  Materials  Research, 
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To  help  clarify  the  sources  of  the  67%  periodic  oscillations  in  the  in-plane  saturation  resistivity,  ps 
(ps  varied  from  2.5  to  5  yuTlcm  at  4.2  K)  of  molecular  beam  epitaxy-grown  epitaxial  Ni/Co 
multilayers  of  total  thickness,  tT^  100  nm  recently  reported  by  Gallego  et  al  [Phys.  Rev.  Lett.  74, 
4515  (1995)]  we  have  measured  the  in-plane  resistivities  at  4-5  and  295  K  of  Ag/Cu,  Ag/Au,  and 
Ni/Co  multilayers  with  nm,  dc  sputtered  nonepitaxially  onto  (001)  Si.  In  no  case  do  we  see 

reproducible  periodic  oscillations,  and  any  variations  are  always  similar  at  4-5  and  295  K.  Our 
results  show  that  oscillations  of  the  size  seen  by  Gallego  are  not  simply  a  consequence  of  an  average 
multilayer  resistivity  as  low  as  3.5  /41cm.  ©  1996  American  Institute  of  Physics . 

[S002 1-8979(96)77308-6] 


INTRODUCTION 

Gallego  et  al}  recently  reported  seeing  ^67%  periodic 
oscillations  (about  the  average)  in  the  saturation  resistivity, 
Ps  >  ( Ps  varied  from  2.5  to  5  pfl  cm)  at  4.2  K  of  molecular 
beam  epitaxy  (MBE)-grown  epitaxial  Ni/Co  multilayers  of 
total  thickness,  r^lOO  nm  with  fixed  Ni(Co)  thickness  and 
variable  Co(Ni)  thickness.  They  ascribed  the  oscillations  to 
superlattice  effects  and  suggested  that  prior  multilayers  did 
not  show  them  because  they  did  not  have  mean-free-paths 
several  times  longer  than  the  bilayer  spacings  (evidenced  by 
low  enough  average  resistivities). 

To  help  clarify  the  source(s)  of  their  oscillations,  we 
have  measured  the  in-plane  resistivities  at  4-5  and  295  K  of 
Ag/Cu,  Ag/Au,  and  Ni/Co  multilayers  with  rr^100  nm,  dc 
sputtered  nonepitaxially  onto  (001)  Si.  The  Ni  or  Ag  thick¬ 
nesses  were  fixed.  Ag/Cu  and  Ag/Au  were  chosen:  (a)  to  see 
if  oscillations  occur  in  nonmagnetic  metal  pairs  with  total 
resistivities  comparable  to  those  of  Gallego  et  al. ;  and  (b)  to 
investigate  effects  of  mutual  miscibility  of  the  metal  pairs; 
like  Ni  and  Co,  Ag  and  Au  are  fully  miscible,  whereas  Ag 
and  Cu  are  nearly  immiscible.  Ni/Co  was  chosen  to  compare 
the  behavior  of  sputtered  samples  with  the  MBE  ones  of 
Gallego  et  al  To  check  for  systematic  differences  between 
sputtering  runs,  two  independent  runs  were  made  for  each 
metal  pair.  Measurements  were  made  at  both  4-5  and  295  K 
to  examine  any  temperature  dependence  of  the  oscillations,  a 
factor  not  addressed  by  Gallego  et  al1  Subsequently,  how¬ 
ever,  this  group  indicated2  that  they  observe  nearly  identical 
oscillations  at  room  temperature  and  4  K.  Since  any  varia¬ 
tions  that  we  see  at  295  K  are  also  very  similar  to  those  we 
see  at  4-5  K,  for  brevity,  we  omit  our  295  K  data  and  focus 
on  those  at  4-5  K. 

Our  samples  were  dc  sputtered  onto  substrates  main¬ 
tained  below  room  temperature  in  an  ultrahigh  vacuum 
(UHV)  compatible  four-gun  system  that  has  already  been 
described.3  The  system  was  lightly  baked,  pumped  to  a  pres¬ 
sure  ^2X10“8  Torr  (after  filling  of  an  internal  Meissner 
trap),  and  then  filled  with  the  Ar  sputtering  gas  to  a  pressure 
of  2.5  mTorr.  The  multilayer  constituents  were  sputtered  at 
rates  ranging  from  0.9  to  1.4  nm/s  through  masks  shaped  to 


give  a  standard  four-probe  current-in-plane  geometry  with 
sample  width  1.6  mm,  voltage  lead  separation  of  5.2  mm  and 
current  lead  separation  of  10  mm.  Measurements  with  a  trav¬ 
eling  microscope  showed  that  the  lengths  and  widths  of  the 
different  masks  were  the  same  to  within  a  few  percent,  and 
variations  in  lengths  and  widths  over  one  complete  set  of 
samples  were  less  than  5%.  We  will  see  below  that  our  re¬ 
producibility  in  p  from  completely  independent  sputtering 
runs  was  typically  ±10%.  Measuring  currents  of  0.1,  0.5, 
and  1  mA  were  used  to  check  that  the  resistances  were  cur¬ 
rent  independent.  The  Ag/Cu  and  Ag/Au  resistances  were 
measured  at  room  temperature  (assumed  about  295  K)  and  at 
4.2  K  in  a  helium  storage  dewar.  The  Ni/Co  saturation  resis¬ 
tances  were  measured  at  room  temperature  and  at  5  K  in  a 
Quantum  Design  MPMS  system  with  the  field  in  the  plane  of 


FIG.  1.  (a)  Low-angle  and  (b)  high-angle  Cu  Ka,  0-20  x-ray  diffraction 
patterns  of  representative  samples  at  room  temperature.  In  both  graphs,  each 
pattern  is  offset  by  a  factor  of  102  to  103  for  clarity.  The  letters  identify  the 
samples:  a=[Ag(3.3  nm)/Au(4.5  nm),  N=  15];  b=[Ag(3.3  nm)/Cu(1.2  nm), 
iV=26];  c=[(Ni(4,2  nm)/Co(2.4  nm),  N- 15];  and  d=[Ni(4.2  nm)/Co(5.0 
nm),  Af  =  11],  where  A = number  of  bilayers. 
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FIG.  2.  Resistivity  (Ag/Cu — lower  open  squares  and  circles — and  Ag/Au — 
filled  squares  and  circles)  or  saturation  resistivity  (Ni/Co — upper  open 
squares  and  circles)  vs  thickness  for  N2=Cu,  Au,  or  Co,  for  multilayers 
with  total  thickness  «*100  nm.  For  each  metal  pair,  squares  and  circles  are 
for  multilayers  made  in  completely  independent  sputtering  runs.  The  solid 
lines  are  least  squares  fits  to  all  of  the  data  for  a  given  metal  pair.  The 
dashed  curve  shows  the  oscillatory  behavior  reported  in  Ref.  1 . 

the  layers  and  parallel  to  the  current  direction.  In  this  geom¬ 
etry  we  see  small  positive  magnetoresistances  like  those  seen 
by  Gallego  et  al 4  (i.e.,  the  resistance  is  a  maximum  at  high 
fields),  with  saturation  fields  comparable  to  theirs. 

Figure  1  shows  Cu  Ka ,  6-29  x-ray  diffraction  patterns  of 
both  low-angle  superlattice  lines  and  high-angle  satellites  for 
representative  multilayers.  Usually,  several  low-angle  lines 
are  seen,  normally  with  strong  Keissic  fringes  from  the  top 
and  bottom  edges  of  the  films.  Rocking  curves  at  the  first 
few  lines  show  very  narrow  specular  spikes  (—0.03°  in  to  for 
Ni/Co  and  —0.05°  for  Ag/Au  and  Ag/Cu,  where  to  is  the 
rocking  angle)  and  low  fractional  diffuse  intensities.  All  of 
these  facets  of  the  data  evidence  good  layering  and  are  quite 
comparable  to  the  low  angle  x-ray  data  of  Gallego  et  al 5  The 
high-angle  satellites  for  Ag/Cu  and  Ag/Au  demonstrate 
strong  (111)  texture  in  the  plane  normal  to  the  layers  and 
good  coherence  (—24  nm).  Rocking  curves  were  —9°  in  to. 
In  contrast,  our  Ni/Co  high-angle  scans  show  no  clear  evi¬ 
dence  of  superlattice  satellites  and  the  high- angle  rocking 
curves  are  wide  (—20°),  indicating  that  our  samples  have 
only  modest  (111)  texture. 

Figure  2  shows  the  resistivities  at  4-5  K  of  two  inde¬ 
pendent  runs  for  each  metal  pair,  calculated  using  the  nomi¬ 
nal  (intended)  layer  thicknesses.  Using  the  thicknesses  de¬ 
rived  from  x-ray  data  would  make  no  significant  difference 
for  the  Ni/Co  and  Ag/Cu  multilayers,  or  for  the  Ag/Au  ones 
from  the  first  run,  since  those  thicknesses  typically  averaged 
only  a  few  percent  lower  than  the  nominal  ones,  and  did  not 
change  the  patterns  of  the  data.  The  situation  for  the  second 
Ag/Au  run  is  more  complex;  the  x-ray  bilayer  thicknesses 
averaged  about  8%  lower  than  the  intended  ones,  but  also  did 
not  change  the  pattern  of  the  data.  The  cause  of  the  lower 
x-ray  thicknesses  in  this  case  is  under  investigation.  The 
solid  straight  lines  in  Fig.  2  are  least-square  fits  for  all  data 
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points.  For  comparison,  the  dashed  curve  shows  the  Co/Ni 
data  of  Gallego  et  al 1 

Ag/Cu 

We  start  with  our  data  for  Ag/Cu,  which  are  immiscible 
and  have  our  lowest  average  resistivities,  similar  to  those  of 
Gallego  et  al 1  We  see  that  the  reproducibility  between  our 
'  two  independent  sputtering  runs  is  excellent,  with  any  varia¬ 
tions  about  the  average  straight  line  only  ±10%,  similar  to 
our  reproducibility  and  to  that  of  Gallego  et  al  The  peak  to 
peak  variation  of  our  data  is  less  than  half  of  theirs,  and  any 
reproducible  oscillations  in  our  data  could  not  have  an  am¬ 
plitude  larger  than  a  fourth  to  a  fifth  of  theirs. 

Ag/Au 

For  Ag/Au,  which  like  Ni/Co  are  completely  miscible, 
our  average  resistivities  (solid  line)  are  about  50%  larger 
than  both  ours  for  Ag/Cu  and  those  of  Gallego  et  al1  for 
Ni/Co.  Here,  aside  from  one  omitted  datum,6  the  data  from 
our  first  run  (filled  squares)  show  little  evidence  of  oscilla¬ 
tions  beyond  our  minimum  reproducibility  of  ±10%  about 
the  average  straight  line.  The  second  run,  in  contrast  (filled 
circles)  shows  a  few  larger  variations  that  could  be  fit  with  a 
(not  completely  periodic)  oscillation  amplitude  almost  as 
large  as  that  seen  by  Gallego  et  al  We  thus  have  two  pos¬ 
sible  interpretations.  (1)  That  the  apparent  oscillations  in  the 
second  run  are  spurious,  in  which  case  we  can  rule  out  os¬ 
cillation  amplitudes  more  than  about  one-fourth  of  those 
seen  by  Gallego  et  al  in  Ni/Co.  (2)  That  the  apparent  oscil¬ 
lations  in  the  second  run  are  real,  and  arise  from  some  dif¬ 
ference  in  conditions  from  the  first  run  not  yet  under  our 
control.  We  do  not  see  any  strong  systematic  differences  be¬ 
tween  the  x-ray  scans  from  the  two  runs,  aside  from  the  shift 
in  the  average  bilayer  thickness  already  noted. 


For  Ni/Co,  our  average  ps^9  pTl  cm  is  much  larger  than 
those  for  our  other  sample  sets  and  for  those  of  Gallego 
et  al 1  The  maximum  variations  in  our  data  (—2  jafl  cm)  are 
almost  as  large  as  those  seen  by  Gallego  et  al,  but  still 
within  ±10%  of  our  average  values.  Taken  separately,  the 
data  for  each  of  our  two  runs  mimics  some  of  the  oscillatory 
structure  of  the  data  of  Gallego  et  al ,  but  only  their  first 
weak  peak  at  tCo^lA  nm  is  reproduced  in  both  runs.  Taken 
together,  our  two  data  sets  do  not  show  reproducible  oscilla¬ 
tions  anywhere  near  as  large  as  those  seen  by  Gallego  et  al 


To  summarize,  we  have  measured  the  resistivities  of  Ag/ 
Cu,  Ag/Au,  and  the  saturation  resistivities  of  Ni/Co,  multi¬ 
layers  sputtered  onto  Si.  We  do  not  in  any  case  find  repro¬ 
ducible  periodic  oscillations  of  amplitude  larger  than  our 
±10%  reproducibility.  Our  results  indicate  that  mean-free- 
paths  longer  than  the  multilayer  period  are  not  enough  to  see 
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CONCLUSIONS 


Ni/Co 


oscillations.  Rather,  our  data  strongly  suggest  that  any  such 
oscillations  require  additional  constraints  including,  perhaps, 
epitaxial  growth. 
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Resonant  near-sound  reorientation  of  the  domain  wall  plane 
in  yttrium  orthoferrite 

M,  V.  Chetkin,  Yu.  N.  Kurbatova,  and  A.  I.  Akhutkina 

Department  of  Physics,  Moscow  State  University,  Moscow,  119899,  Russia 

The  dynamic  orientation  of  the  moving  domain  wall  (DW)  inclined  at  the  static  at  an  angle  of  about 
50°  to  the  surface  of  the  plate  of  the  orthoferrite  cut  perpendicularly  to  the  optical  axis  was 
investigated.  In  the  process  of  the  increase  of  the  domain  wall  velocity  a  very  sharp  decrease  of  the 
visible  thickness  of  DW  takes  place  near  the  transversal  sound  velocity.  The  moving  domain  wall 
changes  its  orientation  plane  and  becomes  almost  perpendicular  to  the  plate.  This  result  may  be 
caused  by  renormalization  of  anisotropy  or  dynamic  minimization  of  domain  wall  energy.  The 
solitary  defection  wave  can  propagate  along  self-organizing  structure  in  the  domain  wall  as  a  result 
of  supersonic  instability.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)77408-2] 


I.  INTRODUCTION 

The  canted  (weak)  ferromagnets — orthoferrites  are 
single  magneto-ordered  crystals,  where  the  domain  wall  can 
move  with  supersonic  velocities.1,2  The  motion  of  domain 
walls  (DW)  with  near-sound  velocities  possesses  several  in¬ 
teresting  peculiarities.  During  the  transition  to  the  supersonic 
motion,  the  DW  ceases  to  be  one-dimensional  object.  DW 
changes  its  initial  plane  rectilinear  form  and  becomes  tilted 
to  the  surface  of  the  sample.  The  self-organizing  periodic 
structures  with  singular  points  are  formed  on  supersonic  dy¬ 
namic  DW.3  The  amplitudes  of  the  structures  and  the  visible 
DW  thickness  decrease  as  the  DW  velocity  is  approaching 
the  limiting  velocity  c,  which  is  equal  to  20  km/s.4  This 
velocity  is  equal  to  that  of  spin  waves  on  the  linear  part  of 
their  dispersion  law.4,5  So,  the  study  of  the  DW  dynamics  in 
the  orthoferrites  can  be  useful  for  determining  of  the  magnon 
dispersion  curves. 

II.  EXPERIMENTAL  PROCEDURE 

Most  experiments  on  the  domain  wall  dynamics  in  the 
orthoferrites  were  performed  on  plates  cut  perpendicular  to 
the  optical  axis.6  In  these  plates  two  main  types  of  rectilinear 
domain  walls  exist:  (1)  perpendicular  both  to  the  surface  of 
the  plate  plane  and  to  the  a  axis,  and  (2)  inclined  to  the 
surface  of  the  plate  plane  at  an  angle  of  about  50°  and  par¬ 
allel  to  the  a  axis.  Observed  with  the  help  of  Faraday  rota¬ 
tion,  the  visible  thickness  of  the  domain  wall  in  the  last  case 
is  equal  to  60  jam  in  a  sample  having  a  thickness  of  100  /am. 
Such  a  single  DW  in  the  sample  exists  in  the  magnetic  fields 
perpendicular  to  the  surface  of  the  sample  with  a 
grad  77=2000  Oe/cm.  Magnetic  moments  of  almost  all 
orthoferrites  can  rotate  only  in  the  ac  plane  which  is  inclined 
at  an  angle  of  about  50°  to  the  surface  of  the  plate.  This 
paper  is  devoted  to  the  experimental  study  of  the  dynamic 
orientation  of  the  DW  at  room  temperature.  It  was  shown 
that  the  visible  thickness  of  the  domain  wall  initially  inclined 
to  the  plate  surface  gradually  decreases  as  the  domain  wall  is 
approaching  the  limiting  velocity.  A  very  sharp  decrease  of 
the  visible  thickness  was  observed  near  the  transversal  sound 
velocity.  The  method  of  double  high  speed  photography  was 
used  in  the  plates  of  YFe03  cut  perpendicular  to  the  optical 
axis  at  room  temperatures.  The  N2  laser  with  transversal  dis¬ 


charge  was  used.  The  thin  plate  of  quartz  with  a  small  hole 
was  placed  in  the  discharger  of  the  laser.  The  discharger  was 
supplied  by  a  sound  mutter.  These  measures  provided  high 
temporal  stability,  a  long  term  and  soundless  work  of  the 
laser.  This  laser  pumped  rodamin  6  G  dye  laser.  Pulses  of  red 
light  of  0.25  ns  duration  were  generated  in  the  same  manner 
as  in  Ref.  3. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Twofold  high  speed  photography  allows  to  study  the  do¬ 
main  wall  velocities.6,7  With  an  increase  of  the  domain  wall 
velocity  the  slow  decrease  of  the  visible  thickness  of  DW 
have  been  observed.  Near  the  transversal  sound  velocity  the 
very  sharp  decrease  of  the  visible  thickness  of  the  moving 
domain  wall  up  to  8-10  ^m  was  observed  (see  Fig.  1).  The 
plane  of  the  domain  wall  abruptly  leaves  the  ac  plane  and  at 
this  velocity  becomes  almost  perpendicular  to  the  surface  of 
the  sample.  This  transition  takes  place  in  the  range  of  veloci¬ 
ties  of  200-300  m/s  below  of  the  transversal  sound  velocity. 
The  minimum  visible  domain  wall  thickness  existed  in  the 
magnetic  field  range  A  H  of  about  30  Oe,  including  the  re¬ 
gion  on  the  V(H)  dependence  where  domain  wall  velocity 
stays  at  the  velocity  of  the  transversal  sound.  After  the  tran¬ 
sition  to  the  supersonic  velocity  the  visible  thickness  of  mov¬ 
ing  DW  increases  again.  The  non-one-dimensional  self¬ 
organizing  structures  arise  on  the  dynamic  domain  wall  of 
orthoferrite.  The  similar  structures  were  investigated  earlier 
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FIG.  1.  Dependence  of  visible  thickness  of  the  domain  wall  of  the  ortho¬ 
ferrite  on  its  velocity.  The  static  domain  wall  is  tilted  with  respect  to  the 
plate  surface. 
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FIG.  2.  Twofold  high-speed  photograph  in  the  contrast  of  domain  wall  of 
self-organizing  structure  on  supersonic  domain  wall  moving  at  the  velocity 
12  km/s.  The  time  delay  between  two  light  pulses  is  4  ns. 

for  the  domain  walls  perpendicular  both  to  the  a  axis  and  to 
the  surface  of  the  orthoferrite  plate  cut  perpendicular  to  the 
optical  axis.3  In  Fig.  2  it  is  easy  to  see  the  almost  rectilinear 
parts  of  the  structures.  These  parts  have  been  observed  only 
for  structures  with  a  large  period  and  amplitude.  The  inter¬ 
secting  semicircular  parts  of  the  structure  were  also  observed 
under  certain  condition  early.3,6 

In  accordance  with  a  magnetoelastic  theory7  an  essential 
renormalization  of  the  magnetic  anisotropy  (up  to  the  change 
of  the  sign  of  the  anisotropy  constant)  occurs  near  the  trans¬ 
versal  sound  velocity  if  the  dissipation  of  sound  is  small. 
This  fact  can  account  for  the  observed  domain  wall  reorien¬ 
tation  near  the  sound  velocity.  The  experimental  results  of 
Ref.  8  have  shown  that  the  moving  domain  wall  really  gen¬ 
erates  a  solitary  wave  of  deformation.  Its  amplitude  increases 
sharply  at  the  sound  velocity.  This  deformation  is  small  and 
cannot  be  observed  at  room  temperature.  But  its  amplitude 
sharply  increases  at  2  K  and  this  deformation  has  been  ob¬ 
served  using  the  double  Doppler  shift  of  frequency  with  the 
help  of  a  high-contrast  spectrometer  based  on  Fabry-Perrot 
five-pass  interferometer.8  It  is  obvious,  that  in  the  interpreta¬ 
tion  of  the  experimental  results  it  is  necessary  to  take  into 
account  the  high  dissipation  of  sound,  especially  at  room 
temperature.  If  the  renormalization  of  anisotropy  really  takes 
place  near  sound  velocity,  the  generation  of  the  vertical 
Bloch  lines  on  the  domain  wall  in  orthoferrites  and  its  mo¬ 
tion  under  the  influence  of  magnetic  field  and  gyroscopic 
forces  are  possible.  But  this  issue  is  a  separate  subject.  The 
observed  change  of  DW  orientation  can  also  be  a  result  of  an 
increased  rigidity  of  the  DW  near  the  sound  velocity.  The 
similar  situation  can  also  occur  near  the  limiting  velocity. 
Increased  rigidity  of  DW  in  these  cases  has  also  been  con¬ 
firmed  by  the  results  of  experiments  on  relaxation  of  non- 
one-dimensional  disturbance  on  DW,  moving  at  near-sound 
and  near-limiting  velocities.6  The  decrease  of  the  area  of  DW 
moving  at  near- sound  and  limiting  velocities  may  be  caused 
by  dynamical  minimization  of  its  energy  for  domain  walls  of 
any  orientation  in  the  plate  of  the  orthoferrite. 

Small  regions  of  the  domain  wall  perpendicular  to  the 
plate  surface  and  regions  inclined  to  the  sample  surface  co¬ 
exist  in  the  DW  during  supersonic  motion  (Fig.  3).  The  right 
part  of  the  domain  wall  in  Fig.  3  has  not  overcome  the  sound 


FIG.  3.  Twofold  high-speed  photograph  in  the  contrast  of  the  domains  of  the 
solitary  wave  of  the  domain  wall  deflection — of  the  small  kink,  moving 
along  domain  wall.  The  domain  wall  moves  from  down  to  up.  The  black 
region  is  the  area,  which  the  domain  wall  passes  during  the  time  delay 
between  the  two  light  pulses.  Two  positions  of  the  kink  indicated  by  arrows. 

barrier  and  moves  in  the  initial  direction  on  sound  velocity. 
On  almost  rectilinear  tilted  part  of  the  supersonic  structure 
one  can  see  a  solitary  deflection  wave  of  a  small 
amplitude — a  small  kink  moving  along  the  domain  wall.  The 
velocities  of  the  domain  wall  u  and  the  one  of  the  kink  along 
the  DW  u  are  equal  to  12  and  16  km/s  respectively.  So 
u2  +  v2  =  c 2,  is  valid  in  accordance  with  predictions  of  qua- 
sirelativistic  theory  of  domain  wall  dynamics  in  weak 
ferromagnets.5,6  This  small  kink  arises  on  the  domain  wall 
after  a  short-time  fast  decrease  of  the  amplitude  of  the  pulsed 
magnetic  field  driving  the  domain  wall.  The  small  kink  has  a 
sharp  front,  moves  along  the  domain  wall  from  the  left  to  the 
right  and  is  similar  to  the  one  accompanying  the  VBL  in  a 
garnet  film  moving  by  a  gyroscopic  force.6,9  Instability  of  the 
supersonic  domain  wall  motion  and  the  absence  of  the  hys¬ 
teresis  on  the  dependence  of  v  on  H  near  the  sound  velocity 
could  be  responsible  for  the  generation  of  the  small  kink. 
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In  this  paper,  we  have  investigated  experimentally  the  approach  to  the  anhysteretic  surface  in 
M-H- a  space.  In  particular,  for  a  0.5  wt%  carbon  steel  specimen,  we  have  applied  73  MPa  tension 
and  a  bias  field  H  and  determined  the  end  flux  density  after  superimposing  an  ac  field  of  amplitude 
gradually  decreasing  to  zero.  We  find  that  the  point  on  the  anhysteretic  curve  for  73  MPa  tension  and 
field  H  is  not  approached  unless  the  initial  amplitude  of  ac  field  is  sufficiently  large  to  overcome 
domain  wall  pinning,  which  restrains  redistribution  of  the  domains.  A  similar  experiment  in  which 
stress  is  cycled  was  also  done.  Stress  was  cycled  discretely  between  0  and  140  MPa,  with  the 
discrete  changes  about  73  MPa  eventually  decreasing  to  zero  in  bias  field  H.  It  was  found  that  the 
loci  of  ( B,H )  end  points  did  not  approach  the  anhysteretic,  suggesting  that  larger  amplitude  changes 
in  stress  and  perhaps  more  continuous  changes  are  needed  to  overcome  domain  wall  pinning. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)77508-9] 


I.  INTRODUCTION 

The  magnetic  anhysteretic  curve  is  a  locus  of  points  giv¬ 
ing  the  ( M,H )  values  which  correspond  to  thermodynamic 
equilibrium  points  for  a  given  ferromagnetic  material.  It  has 
been  stated  many  times1-3  that  the  anhysteretic  curve  can  be 
reached  experimentally  for  a  particular  magnetic  bias  field 
by  superimposing  an  ac  field  on  the  bias  field  and  allowing 
the  ac  amplitude  to  decrease  to  zero.  In  this  work,  we  shall 
demonstrate  experimentally  that  whether  the  anhysteretic  is 
actually  reached  is  dependent  upon  the  initial  ac  amplitude. 

Recently  a  number  of  authors4-7  have  suggested  or  im¬ 
plied  that  there  is  more  than  one  anhysteretic  curve  for  a 
given  magnetic  material  depending  on  the  amount  of  exter¬ 
nal  stress  a  that  is  applied  to  the  material.5,7  We  have  ob¬ 
served  that  the  reason  for  this  multiplicity  of  anhysteretics  is 
that  the  anhysteretic  is  actually  a  surface  and  not  a  curve.  In 
particular,  the  anhysteretic  is  a  surface  in  M-H- a  space 
where  M  is  magnetization  and  H  is  magnetic  field  intensity. 
This  is  the  same  concept  as  in  P-V-T  space,  where  the 
ideal  gas  equation  is  a  locus  of  thermodynamic  equilibrium 
points  that  corresponds  to  a  P-V-T  surface,  where  P  is 
pressure,  V  is  volume,  and  T  is  temperature. 

Figure  1  shows  a  schematic  anhysteretic  surface  that 
would  be  expected  in  M-H-cr  space.  Three  M—H  sections 
are  shown  for  constant  stresses  <x0,  0,  and  —  cr0.  The  anhys¬ 
teretic  curves  for  the  corresponding  stresses  are  shown  for 
each  section.  These  curves  are  simply  sections  of  the  anhys¬ 
teretic  surface.  Also  shown  on  the  M-H  sections  corre¬ 
sponding  to  stress  a0  and  — Oq  are  initial  magnetization 
curves  to  field  H0.  In  the  M-H  section  for  constant  positive 
stress  is  shown  a  schematic  zig-zag  path  to  the  anhysteretic 
followed  by  the  magnetization  in  response  to  a  decreasing  ac 
magnetic  field  intensity.  We  shall  see  later  that  the  actual 
picture  is  not  quite  so  simple. 

Jiles  and  Atherton  suggested8  that  similar  movement  to¬ 
ward  the  anhysteretic  occurs  when  the  stress  is  changed,  re¬ 
gardless  of  the  sign  of  the  stress.  Thus,  it  would  seem  that 
application  of  an  alternating  stress  on  a  bias  stress  cr  and 
allowing  the  amplitude  of  the  alternating  stress  to  be  de¬ 


creased  to  zero  also  ought  to  be  a  way  to  approach  the  an¬ 
hysteretic  surface.  This  would  seem  to  be  consistent  with  the 
cyclic  stress  behavior  discussed  in  Refs.  4-7. 

Figure  1  shows  a  schematic  path  for  magnetization  at 
constant  field  H0  and  negative  (compressive)  bias  stress  -cr0 
when  an  alternating  stress  is  applied  with  decreasing  ampli¬ 
tude  about  the  bias  stress.  This  would  be  the  analog  of  the 
other  zig-zag  path  for  alternating  ac  magnetic  intensity  at  a 
mean  H0  and  constant  cr0.  Again,  we  shall  show  experimen¬ 
tally  that  the  real  situation  is  not  quite  this  simple. 

Domain  wall  pinning  is  the  major  reason  why  the  actual 
approach  to  the  anhysteretic  surface  is  more  complicated 


M(-O0)  M(0)  M(o0) 


FIG.  1.  Depiction  of  a  schematic  anhysteretic  surface  in  M-H-cr  space. 
Details  are  discussed  in  the  text. 
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FIG.  2.  Diagram  of  experimental  setup. 


than  in  the  above  description.  The  pinning  must  first  be  over¬ 
come  in  order  to  sufficiently  redistribute  the  domains  so  that 
the  anhysteretic  is  actually  approached.  The  experimental 
consequences  of  this  will  be  discussed  below. 

II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Measurements  were  made  on  a  0.5%  C  steel  specimen, 
cut  from  an  Australian  railway  wheel,  with  coercivity  ap¬ 
proximately  1000  A/m.  Figure  2  shows  the  experimental 
setup.  A  secondary  coil  was  wrapped  about  the  middle  of  the 
specimen,  and  a  ballistic  method  was  used  to  obtain  the  flux 
density  when  the  current  in  the  primary  magnetizing  coils 
was  reversed.  A  Hall  probe  next  to  the  secondary  coil  mea¬ 
sured  H .  Different  stresses  were  applied  to  the  ends  of  the 
specimens.  Applied  force  was  known  from  the  dial  of  the 
testing  machine  and  applied  stress  was  calculated  from  that. 
The  specimen  had  a  cross  section  of  40X8  mm.  Errors  of 
uncertainty  were  estimated  to  be  ±2%  for  H,  ±2%  for  5, 
and  ±5%  for  stress  or. 

Figure  3  shows  B-H  curves  obtained  for  a  specimen 
under  +73  MPa  of  stress  (tension)  when  different  initial  am¬ 
plitudes  of  50  Hz  decreasing  amplitude  ac  current  are  super¬ 
imposed  on  the  quasi-dc  bias  field  H.  Curve  1  is  for  when 
zero  ac  amplitude  is  superimposed — i.e.,  it  is  the  initial  mag¬ 
netization  curve.  Each  other  curve  is  for  a  different  ampli¬ 
tude  of  ac  current  and  each  other  curve  is  the  locus  of  flux 
densities  B(H)  obtained  for  different  bias  fields  H  when  the 
superimposed  ac  field  amplitude  is  allowed  to  slowly  go  to 
zero.  Each  of  the  experimental  points  on  curves  2-6  is  ob¬ 
tained  after  a  sequence  of  starting  from  the  demagnetized 
state,  then  applying  the  quasi-dc  bias  field  H ,  then  applying 
the  50  Hz  ac  field  amplitude,  then  gradually  decreasing  the 
50  Hz  field  amplitude  to  zero  and  measuring  the  resultant 
flux  density  from  the  emf  in  the  secondary  coil  at  the  end  of 
this  process  to  obtain  the  point  ( H,B ). 


FIG.  3.  Loci  of  B-H  points  obtained  for  various  bias  field  H  and  for  73 
MPa  of  tension  or  for  different  initial  amplitudes  of  a  50  Hz  ac  field  decreas¬ 
ing  gradually  to  zero.  Curve  1,  zero  ac  field;  curve  2,  40  A/m  ac;  curve  3,  80 
A/m  ac;  curve  4,  160  A/m  ac;  curve  5,  320  A/m  ac;  curve  6,  800  A/m  ac. 


FIG.  4.  Loci  of  B-H  points  obtained  for  various  bias  fields  H  and  for  73 
MPa  of  bias  tension.  Curve  1  corresponds  to  curve  1  in  Fig.  2.  Curve  7  is  for 
a  cyclic  stress  application  cycling  between  0  and  140  MPa  of  gradually 
decreasing  amplitude.  The  stress  changes  are  discrete,  rather  than  continu¬ 
ous. 
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It  will  be  noted  that  the  end  product  of  decreasing  the  ac 
field  to  zero  in  a  bias  field  H  and  under  stress  cr  is  not 
necessarily  a  point  on  the  anhysteretic  curve  for  stress  a  (see 
curves  2-5).  When  the  ac  amplitude  gets  large  enough  the 
overcome  almost  all  the  domain  wall  pinnings,  then  the  re¬ 
sulting  B-H  curve  has  the  familiar  shape  of  an  anhysteretic 
curve  (curve  6),  in  this  case  requiring  as  much  800  A/m  of  ac 
field  to  approach  what  is  considered  to  be  almost  the  true 
anhysteretic. 

Figure  4  is  the  corresponding  B-H  curve  (curve  7)  for 
73  MPa  tension,  but  after  stress  cycling  73  MPa-M40 
MPa— 43— >120  MPa^20  MPa^lOO  MPa-^40  MPa-^80 
MPa->60  MPa— >73  MPa.  Curves  2  and  7  are  very  similar. 
One  would  conclude  that  a  roughly  70  MPa  cycling  ampli¬ 
tude  of  stress  is  not  enough  to  approach  the  anhysteretic. 

Different  patterns  of  stress  cycling  at  a  bias  field  of 
about  500  A/m  were  also  tried,  but  generally  speaking,  there 
was  little  difference  in  the  final  flux  density  (falling  in  a 
range  from  0.54  T  to  0.6  T). 

Cullity9  has  also  discussed  the  approach  to  the  anhyster¬ 
etic  and  has  asserted  that  the  initial  ac  amplitude  superim¬ 
posed  on  the  bias  field  ought  to  be  enough  to  saturate  the 
specimen.  Our  results  showing  an  anhysteretic  shape  at  800 
A/m  but  not  at  approximately  half  that  value  confirms  the 
conclusion  that  the  initial  ac  amplitude  must  be  sufficiently 
large.  Whether  the  ac  amplitude  must  be  large  enough  to 
saturate  the  specimen  is  unanswered  by  our  work,  but  it 
would  seem  that  to  reach  the  anhysteretic,  the  amplitude 


must  be  large  enough  to  extend  to  an  H  regime  where  do¬ 
main  wall  translation  is  minimal — i.e.,  beyond  the  knee  of 
the  initial  magnetization  curve. 

UK.  CONCLUSIONS 

The  results,  both  of  field  and  stress  cycling  at  constant 
(cr0,//0),  indicate  that  the  approach  to  the  anhysteretic  ther¬ 
modynamic  surface  is  complicated.  Cycling  needs  to  be  done 
with  an  initially  sufficiently  large  amplitude  that  domain  wall 
pinning  could  be  overcome  sufficiently  to  redistribute  all  the 
domains. 

In  the  case  of  stress  cycling,  more  work  needs  to  be  done 
to  see  if  a  sufficiently  large  cyclic  stress  amplitude  can  be 
applied  so  that  the  anhysteretic  can  indeed  also  be  ap¬ 
proached. 
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We  have  studied  microstructure  and  remanent  magnetization  of  the  granular  Ni-Si02  films.  Both 
analysis  of  the  transmission  electron  microscope  images  and  that  of  the  particle  size  distribution  via 
remanence  studies  support  the  hypothesis  that  both  superparamagnetic  and  ferromagnetic 
components  coexists  in  the  nearly  percolating  films.  ©  1996  American  Institute  of  Physics. 
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I.  INTRODUCTION 

For  conventional  ferromagnetic  or  ferrimagnetic  materi¬ 
als,  the  remanent  magnetization  will  remain  in  the  same  di¬ 
rection  as  the  saturated  one,  following  that  of  the  applied 
external  magnetic  field.  For  antiferromagnetic,  superpara¬ 
magnetic  or  spin  glass  materials,  there  will  be  a  zero  or 
slightly  positive  remanent  magnetization.  An  opposite  mag¬ 
netic  response  is  often  associated  with  a  diamagnetism, 
which  will  leave  zero  response  upon  removing  the  applied 
magnetic  field  to  zero.  A  clockwise  M-H  loop  is  closely 
related  to  the  negative  remanence,  or  the  opposite  remanence 
upon  removing  the  applied  field  to  zero,  and  is  not  expected 
from  a  magnetic  response  of  a  homogeneous  system.1  Re¬ 
lated  phenomenon  such  as  the  reverse  thermal-remanent 
magnetism  has  been  observed  in  geomagnetic  materials2  and 
were  explained  in  terms  of  two  components  having  different 
Curie  temperatures,3  and  a  hysterisis  loop  shifted  with  re¬ 
spect  to  the  origin  has  been  observed  in  amorphous4  and 
certain  multilayered  materials5,6  and  was  explained  either  in 
terms  of  interface  exchange  interaction5,6  or  exchange 
anisotropy.7  However,  a  complete  understanding  of  this  phe¬ 
nomenon  in  inhomogeneous  materials  is  still  lacking  due  to 
the  lack  of  systematic  studies  of  both  the  microstructure  and 
the  remanent  magnetization.  Recent  observation  of  the  nega¬ 
tive  remanence  in  systems  with  nearly  percolating  magnetic 
nanostructures8  provide  this  opportunity. 

In  this  article,  we  describe  studies  of  microstructure  and 
remanent  magnetization  in  granular  (Ni,Fe)-Si02  films. 
Analysis  again  supports  the  hypothesis8  that  the  negative  re¬ 
manence  observed  in  nearly  percolating  magnetic  nanostruc¬ 
tures  is  likely  due  to  the  coexistence  of  both  superparamag¬ 
netic  (SPM)  and  ferromagnetic  (FM)  components,  and 
magnetostatic  interactions  that  can  favor  the  opposite  align¬ 
ment  between  the  two  components. 

II.  EXPERIMENTS 

Granular  (Ni,Fe)x-(Si02)i-^  films  were  prepared  using 
a  Denton  magnetron  rf  sputtering  system,  where  pure  Ni  tar¬ 
get  with  a  few  small  Fe  pieces  and  Si02  target  were  mounted 
on  two  separate  sputtering  guns.  The  structure  of  the  films 
were  studied  via  x-ray  diffraction  and  transmission  electron 
microscope  (TEM),  and  the  chemical  analysis,  via  x-ray  pho¬ 
toelectron  spectroscope  and  energy  dispersive  x-ray  spectro¬ 


a)On  leave  from  Institute  of  Physics,  Chinese  Academy  of  Sciences,  Beijing 
100080,  People’s  Republic  of  China. 


scope  (EDX).  dc  magnetization  was  measured  for  all  those 
films  between  5  and  300  K  using  Quantum  Design’s  SQUID 
Magnetic  Property  Measurement  System  for  the  magnetic 
field  applied  parallel  to  the  plane  of  the  film. 

III.  MICROSTRUCTURE  CHARACTERIZATION 

Figure  1  shows  the  TEM  bright  field  images  (center), 
electron  diffraction  patterns  (right),  and  TEM  dark  field  im¬ 
ages  (left)  of  the  films  for  (a)  x=0.3,  (b)  0.4,  (c)  0.5,  and  (d) 
0.6,  respectively.  The  bright  images  display  microstructure 
characteristic  of  typical  granular  metal  films,  containing 
small  metallic  particles  of  spherical  in  shape.  From  (a)  to  (d), 
it  is  not  difficult  to  see  that  the  average  particle  size  (its 
diameter)  increases  smoothly  from  3  nm  for  x=0.3  to  6  nm 
for  x =0.6,  going  smoothly  through  the  percolation  threshold 
between  0.55  and  0.6,  corresponding  to  x'  of  0.6  according 
to  the  resistivity  measurements.9,10  By  tilting  the  sample 
holder,  no  preferred  orientation  of  the  particles  was  observed 


FIG.  1.  Bright  field  TEM  images  (center),  electron  diffraction  pattern 
(right),  and  dark  field  TEM  images  (left)  of  (Ni,  Fe)JC(Si02)i_^  for  x=0.3 
(a),  0.4  (b),  0.5  (c),  and  0.6  (d). 
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TABLE  I.  Some  parameters  for  (Ni,Fe)x(Si02)i_^. 


Nominal  magnetic 
volume  fraction,  * 

0.3 

0.4 

0.5 

0.6 

Measured  magnetic 

0.336 

0.427 

0.518 

0.650 

volume  fraction,  x' 
Fe/Fe+Ni  (%) 

29 

20 

14 

11 

Mean  particle 

3.5 

5.4 

6.1 

7.9 

size  (nm)  from  TEM 
Mr/Ms  (%)  at  7=200  K 

0.53 

-1.0 

-4.0 

5.5 

Mr/Ms  (%)  at  7=5  K 

34.6 

36.9 

36.2 

for  all  of  the  samples.  The  electron  diffraction  patterns  were 
taken  from  an  area  of  about  0.5  ^m  indiameter.  The  diffrac¬ 
tion  patterns  display  rings  characteristic  of  an  fee  crystalline 
stmeture  of  a  lattice  constant  closer  to  that  of  bulk  nickel. 
Table  I  shows  the  magnetic  volume  fraction  x  and  the  frac¬ 
tion  of  Fe  in  Ni-Fe  evaluated  by  EDX,  and  the  granular 
particle  size  d  as  evaluated  by  TEM  bright  field  images.  Note 
that  no  diffraction  rings  of  bcc  Fe  or  that  of  silicides  can  be 
revealed  in  diffraction  patterns.  Therefore,  the  system  can  be 
considered  as  fee  Ni-Fe  alloy  particles  of  a  few  nanometer 
size  mixed  with  the  insulating  Si02  amorphous  phase. 

Dark  field  TEM  images  were  taken  by  using  one  large 
aperture  which  covers  about  a  quarter  of  the  major  diffrac¬ 
tion  rings  (111,  200,  and  220)  for  films  with  x=0.3,  0.4,  0.5, 
and  0.6.  It  is  seen  from  Fig.  1(a)  that  particles  were  well 
separated  for  x  well  below  the  percolation  threshold.  Starting 
from  (b),  some  particles  are  connected  with  bottlenecks, 
while  others  remain  isolated  separated  by  amorphous  Si02 
bridges.  The  microstructure  with  such  bottlenecks  may  be 
termed  “labyrinth  structure.”  Such  a  bottleneck  was  evident 
by  a  white  arrow  in  Fig.  1(d).  As  x  increases,  both  the  size 
and  the  volume  fraction  of  the  labyrinth  structure  increase. 
Above  the  threshold  (*2*0.6),  great  number  of  particles  are 
connected  by  small  bottlenecks,  and  the  size  of  the  labyrinth 
stmeture  diverges  and  approaches  to  the  sample  size.  One 
can  see  that  particles  are  getting  better  connected  to  each 
other  from  (a)  to  (d)  in  Fig.  1.  Thus,  it  is  reasonable  to 
suggest  that  as  *  increases,  particles  start  from  well  isolated 
(jc^0.3),  through  partially  isolated  and  partially  connected 
(0.4^*  ^0.55),  to  well  connected  (*2*0.6). 

IV.  STUDIES  OF  REMANENCE 

Figure  2  show  the  thermoremanent  magnetization, 
Mr(T),  which  was  measured  at  zero  field  after  removing  a 
positive  field  of  10  kG,  for  various  *’s.  Upon  increasing 
temperature,  Mr(T)  decreases  sharply  from  a  large  positive 
value  and  either  changes  to  negative  for  *=0.40,  0.50,  and 
0.55,  or  to  zero  for  *=0.15  and  0.30.  Note  that  for  the  film 
with  *=0.55,  Mr(T)  changes  to  a  negative  value  at  about 
100  K  and  reaches  the  minimum  at  about  200  K.  In  the  same 
temperature  regions,  zero  field  cooled  susceptibility  x  has  a 
broad  maximal.8  Similar  negative  remanence  was  also  ob¬ 
served  in  the  M-H  loop  at  200  K  for  these  films  with 
*=0.4,  0.5,  and  0.55,  but  not  in  those  with  *=0.15,  0.3,  and 
0.6,  as  shown  in  Table  I  for  Mr! Ms  at  200  K.  In  contrast, 
Mr! Ms  at  5  K  remains  to  be  positive  for  all  films.  The 


FIG.  2.  Mr(T)  for  *=0.15,  0.3,  0.4,  0.5,  and  0.55. 


appearance  of  the  negative  remanence  only  for  the  nearly 
percolating  films  (0.4^* ^0.55)  indicates  the  importance  of 
the  finite  sized  labyrinth  stmeture  where  there  are  some  con¬ 
nected  ferromagnetic  (FM)  particles  in  addition  to  the  iso¬ 
lated  superparamagnetic  (SPM)  particles. 

Let  us  now  examine  the  hypothesis  of  the  existence  of 
both  SPM  and  FM  components  in  the  nearly  percolating 
granular  films  by  studying  the  remanent  magnetization  after 
removing  positively  saturated  field  to  zero  at  temperature  T , 
Mr1  (T),  where  '  is  used  to  defer  it  from  Mr.  It  is  known11 
that  Mr' (T)  is  a  measure  of  the  relaxed  magnetization  at  a 
given  temperature  T  in  a  given  measurement  time  which  is  in 
the  order  of  100  s  for  our  SQUID  measurement.  Such  a 
relaxation  process  is  thermally  activated  associated  with  an 
energy  barrier.  When  the  energy  barrier  has  a  distribution 
function  f{Ea ),  Mr  will  decrease  gradually  as  increasing 
temperature.  A  positive  Mrf  thus  indicates  that  a  fraction 
(Mrf /Ms)  of  the  system  can  not  reverse  its  magnetization 
with  the  help  of  the  thermal  energy.  Following  Ref.  11, 
Mrf(T)  =  Ms(T)rEcx\x  f{Ea)dEa,  where  E™{  is  a  critical 

a 

energy  barrier  below  which  thermal  activation  may  induce 
magnetization  reversal.  Since  Ea  is  proportional  to  Tb , 
f{Ea)  is  proportional  to  the  blocking  temperature  distribu¬ 
tion /( 7^),  which  may  be  obtained  by  numerical  derivative 
of  “Mr' (T)/Ms(T)”  with  respect  to  temperature.  Assuming 
that  the  energy  barrier  is  entirely  due  to  the  volume  depen¬ 
dent  anisotropy  constant,  f(Tb)  represents  the  distribution  of 
the  volume  of  the  magnetic  particles. 
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FIG.  3.  Mr' (T)/Ms(T)  for  *=0.15,  0.3,  0.4,  and  0.5.  Inserts  show  the 
corresponding  blocking  temperature  distribution  function  /(Tb). 

Figure  3  shows  Mrr (T)lMs(T)  vs  T  for  samples  with 
x=0.15  (a),  0.3  (b),  0.4  (c),  and  0.5  (d),  respectively.  Note 
that  only  the  temperature  region  with  positive  Mr(T)  is  in¬ 
cluded  due  to  the  difficulty  of  this  method  in  treating  nega¬ 
tive  remanence.8  Inserts  in  Fig.  3  show  the  blocking  tempera¬ 
ture  distribution  f(Tb )  which  was  obtained  by  numerical 
derivative  of  Mrf/Ms  with  respect  to  T .  Note  that  upon 
increasing  x,  both  the  mean  value  and  the  uncertainty  of  the 
energy  barrier  increases.  The  larger  uncertainty  in  the  energy 
barrier  for  a  larger  x  also  indicates  a  larger  uncertainty  of  the 
particle  volume,  which  is  consistent  with  more  extended 
labyrinth  structure  observed  in  the  dark  field  TEM  images. 
Magnetic  particle  size  distribution  was  also  studied  via  ac 
susceptibility  as  functions  of  temperature  and  frequency  for 
different  x’s.12  Similar  trend  of  increased  particle  size  distri¬ 
bution  with  increasing  x  was  concluded.13  Thus  both  analysis 


} 

of  the  TEM  images  and  that  of  the  particle  size  distribution 
via  remanence  and  ac  susceptibility  studies  support  the  hy¬ 
pothesis  of  the  coexistence  of  both  the  superparamagnetic 
and  ferromagnetic  components  in  a  given  temperature. 

V.  SUMMARY 

We  have  studied  microstructure  and  remanent  magneti¬ 
zation  of  the  granular  Ni-Si02  films.  Both  analysis  of  the 
TEM  images  and  that  of  the  particle  size  distribution  via 
remanence  studies  support  the  hypothesis  that  both  super- 
paramagnetic  and  ferromagnetic  components  coexist  in  the 
nearly  percolating  films  at  a  given  temperature. 
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The  Hall  effect  in  granular  co-sputtered  ferromagnetic  metal-insulator  films  was  found  to  increase 
dramatically  as  the  magnetic  volume  fraction  decreases  toward  the  metal-insulator  transition.  The 
saturated  Hall  resistivity  is  up  to  160  juft  cm  at  r=5  K,  that  is  almost  four  orders  of  magnitude 
greater  than  that  in  a  pure  magnetic  metal  sample.  Close  to  the  metal -insulator  transition,  both 
magnetoresistivity  and  the  saturated  Hall  resistivity  decrease  with  increasing  temperature. 
Correlations  of  the  Hall  resistivity  with  resistivity  and  magnetoresistivity  are  discussed.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)77708-l] 


The  discovery  of  giant  magnetoresistance  (GMR)  in 
magnetic  multilayers1,2  and  granular  magnetic — 
nonmagnetic  metal  alloys3  revived  the  interest  to  studies  of 
magnetotransport  in  nanostructured  inhomogeneous  mag¬ 
netic  solids.  Along  with  GMR,  the  extraordinary  Hall  effect 
was  studied  for  transition  metal  granular  solids.  The  values 
of  the  saturated  Hall  resistivities  pxys  of  up  to  1  p£l  cm,  that 
are  greater  than  the  typical  values  for  pure  ferromagnets, 
were  observed.4  The  granular  co-sputtered  composite  films 
studied  in  this  work  are  different  from  those  in  Refs.  3  and  4 
in  that  the  nonmagnetic  component  is  insulating,  so  a  metal- 
insulator  transition  is  observed  at  certain  critical  volume 
fraction  of  metal.  Such  systems  have  been  widely  studied 
before.  Some  works  on  Ni-Si02  films  are  listed  in  Ref.  5. 
But  to  the  best  of  our  knowledge,  no  experimental  studies  of 
extraordinary  Hall  effect  in  magnetic  metal -insulator  com¬ 
posites  have  been  reported  in  the  literature  prior  to  Refs.  6 
and  7.  In  this  work  we  show  that  pxys  as  large  as  160  pfl  cm 
can  be  achieved  near  the  metal -insulator  transition.  This  is  a 
factor  of  4X 103  enhancement  compared  to  that  in  a  metallic 
ferromagnet.  By  analogy  with  the  “giant”  magnetoresistance 
effect,1"3  we  call  the  observed  phenomenon  “giant”  Hall  ef¬ 
fect. 

The  composite  films  of  about  1  pm  thick,  with  the  dif¬ 
ferent  metal  volume  fractions  x  in  the  range  0.5<x^l,  were 
prepared  on  rotating  glass  substrates  in  a  Denton  magnetron 
co-sputtering  system,  with  magnetic  metal  [Ni85Fe15  (Ref. 
8)]  and  insulator  (Si02)  targets  mounted  on  two  separate 
guns.  Near  the  metal -insulator  transition,  the  samples  con¬ 
sist  of  5-8  nm  metal  grains  imbedded  in  amorphous  insulat¬ 
ing  matrix.8  The  magnetic  metal  volume  fraction  x  was  de¬ 
termined  by  energy-dispersive  X-ray  spectroscopy  using  a 
Philips  EDAX  XL30.  The  resistance  and  the  Hall  resistance 
were  measured  in  the  temperature  range  between  5  and  300 
K,  in  the  fields  \H\^2A5  T.  Magnetization  was  measured  on 
a  Quantum  Design  SQUID  with  magnetic  field  perpendicular 
to  the  film  plane. 

The  Hall  resistivity  pxy  of  ferromagnetic  metals  is  a  sum 
of  two  terms,  of  which  the  ordinary  Hall  resistivity,  due  to 
the  Lorentz  force,  is  proportional  to  the  field.  The  second, 
extraordinary  part,  is  attributed  to  spin-orbit  interactions 


a)On  leave  from:  A  F  Ioffe  Physical  Technical  Institute,  Saint-Petersburg 
194021,  Russia. 


during  scattering  of  the  magnetically  polarized  conduction  d 
electrons  on  impurities  or  phonons,  and  hence  is  proportional 
to  magnetization.9  If  the  extraordinary  Hall  coefficient  is 
much  greater  than  the  ordinary  one,  the  plots  of  the  Hall 
resistivity  against  field  look  like  magnetization  curves.  A 
small  finite  slope  at  fields  over  saturation  is  due  to  the  ordi¬ 
nary  Hall  effect.  A  qualitatively  similar  shape  was  also  ob¬ 
served  for  all  our  samples  with  magnetic  volume  fractions 
.*>0.53.  Shown  in  Fig.  1  are  the  field  dependencies  of  the 
magnetization  M,  the  resistivity  pxx ,  and  the  Hall  resistivity 
pxy  for  a  sample  with  .v —0.61.  at  T= 5  K  [Fig.  1,  column  (a)] 
and  7' =300  K  [column  (b)].  As  the  ordinary  Hall  effect  is 
relatively  small,  the  values  of  pxy  at  H=2  T  are  referred  to  as 
the  saturated  Hall  resistivity  pxys  in  this  work.  It  can  be  seen 
that  both  pxys  and  magnetoresistivity  decrease  with  increas¬ 
ing  temperature. 

In  Fig.  2  we  show  pxys  and  pxx  as  functions  of  x,  at  T= 5 
K.  For  x  in  region  1  shown  in  Fig.  2,  the  samples  are  metal¬ 
lic.  At  high  temperatures  the  temperature  coefficient  of  resis¬ 
tivity  (TCR)  is  positive.  However,  below  certain  temperature 
which  depends  on  x,  the  TCR  crosses  over  to  negative, 
which  has  been  attributed6,7  to  the  effect  of  electron-electron 
interactions.10  Below  that  temperature,  the  dependence  of  pxx 


H  (T)  H  (T) 


FIG.  1 .  Field  dependencies  of  the  magnetization  Mx  ,  the  resistivity  pxx  ,  the 
Hall  resistivity  pxy  for  the  sample  with  *=0.61  at  (a)  T~5  K  and  (b)  T=300 
K.  The  magnetic  field  is  perpendicular  to  the  sample  plane. 
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FIG.  2.  Resistivity  and  the  Hall  resistivity  as  functions  of  the  metal  volume 
fraction  x  at  7=5  K. 


on  temperature  is  approximately  logarithmic.10  An  example 
of  a  pxx  vs  T  plot  for  the  same  sample  as  in  Fig.  1  (x=0.61) 
is  shown  in  Fig.  3.  At  the  metal-insulator  transition  (region  2 
in  Fig.  2),  the  TCR  is  negative  in  the  whole  temperature 
range  of  5-300  K,  and  the  temperature  dependence  of  resis¬ 
tivity  is  stronger  than  logarithmic.6,7  In  the  dielectric  region  3 
conductivity  is  thermally  activated.6,7  The  value  of  pxys  in¬ 
creases  greatly  with  decreasing  x,  and  reaches  a  maximum  at 
x^0.55,  which  is  as  large  as  160  cm.  The  corresponding 
Hall  coefficient  defined  as  pxyIH  being  — — 4X10-4  fl  cm/T 
for  H^OA  T,  compared  to  -7.7X10"8  H  cm/T  for  x=l. 
Fitting  the  data  for  resistivity  and  Hall  resistivity  to  the  per¬ 
colation  relations  pxxoc[(x~xc)/xc]~\  and  pxys<x[(x—xc)/ 
xc]-s, 11,12  was  attempted.7  At  any  reasonable  choice  of  xc, 
the  fits  gave  the  critical  exponents  t  and  g  greater  than  those 
predicted  by  discrete  percolation  models  [t*** 2  and  g^0.4- 
0.5  (Refs.  11  and  12)]. 

To  gain  insight  on  the  mechanisms  of  magnetotransport, 
in  Fig.  3  we  plot  the  saturation  magnetization  Ms,  the 
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FIG.  3.  Saturation  magnetization  (Ms)  as  defined  in  the  text,  remanent 
magnetization  ( Mr ),  resistivity  pxx  at  H= 0  (squares  and  solid  connecting 
line)  and  at  H—2  T  (triangles  and  dashed  connecting  line),  magnetoresistiv¬ 
ity  - &pxx- pxx(0)- pxx(2  T),  the  Hall  resistivity  pxys  at  H- 2  T  vs  loga¬ 
rithm  of  temperature  for  the  same  sample  as  in  Fig.  1,  jc =0.6 1 . 
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FIG.  4.  This  figure  shows  the  correlations  of  the  Hall  resistivity  with  p*x, 
and,  at  high  temperatures,  with  (A pxx!pxx)m.  Temperature  is  an  implicit 
parameter. 


remanent  magnetization  Mr ,  as  well  as  the  resistivity  pxx 
at  the  fields  of  both  H= 0  and  H—2  T,  the  magneto¬ 
resistivity — Apxx= pxx(0)  -  pxx(2  T),  and  the  Hall  resistivity 
pxys  defined  above  as  functions  of  temperature  for  the  same 
representative  sample  as  in  Fig.  1  (x=0.61).  In  this  work  we 
use  the  values  of  M  at  H—2  T  for  Ms ,  which  was  measured 
at  a  fixed  field  with  temperature  varying  from  5  to  300  K. 
The  remanent  magnetization  was  measured  by  first  setting 
the  field  to  3  T  at  5  K,  then  setting  it  to  zero  and  measuring 
the  moment  with  stepping  up  temperature  from  5  to  300  K. 
The  temperature  scale  in  Fig.  3  is  logarithmic,  primarily  to 
demonstrate  the  logarithmic  temperature  dependence  of  re¬ 
sistivity  at  low  T.  We  notice  that  the  difference  in  resistivity 
at  H =2  T  and  at  H=0  is  very  small  compared  to  the  tem¬ 
perature  dependent  logarithmic  correction,  suggesting  that 
the  negative  TCR  is  not  associated  with  the  change  in  spin- 
dependent  scattering  rates.  The  correction  due  to  electron- 
electron  interactions10  being  a  probable  reason.  On  the  other 
hand  magnetoresistivity,  which  is  of  the  order  of  0.2%  of 
resistivity,  was  found  to  be  negative  for  longitudinal,  trans¬ 
verse  and  perpendicular  geometries.  This  appears  to  suggest 
that  the  mechanism  is  likely  to  be  spin-dependent  scattering 
of  conduction  electrons  on  granular  boundaries.  Scattering 
decreases  at  saturation,  when  the  directions  of  magnetization 
in  different  grains  are  more  correlated.  The  variation  of 
\&pxx\  below  —30  K  is  small,  while  between  30  and  300  K,  it 
drops  by  roughly  a  factor  of  2  (Fig.  3).  We  relate  the  cross¬ 
over  at  30  K  to  the  onset  of  superparamagnetism,14,15  corre¬ 
sponding  to  the  blocking  temperature  determined  by  a  single 
particle  size.  From  the  measurements  of  Ms  and  Mr  vs  T 
(Fig.  3)  all  particles  are  free  to  rotate  above  T— 100  K,  which 
is  likely  to  be  related  to  the  blocking  temperature  of  the 
clustered  particles.8 

Only  a  small  change  in  the  slope  of  the  pxys  vs  log  T 
curve  around  50  K  can  be  seen  in  Fig.  3.  The  crossover 
becomes  more  obvious  from  a  plot  of  pxys  vs  the  product 
plxMs ,  with  T  an  implicit  parameter  [Fig.  4(a)].  The  scaling 
predicted  by  the  side  jump  theory  of  extraordinary  Hall 
effect9  seems  to  hold,  but  the  slopes  are  different  below  and 
above  50  K.  Besides,  the  mechanisms  developed  for  metals 
may  not  be  valid  for  the  system  under  investigation.  It  has 
been  noted  in  Refs.  13  and  16  that  the  GMR  and  the  extraor¬ 
dinary  Hall  effect  in  a  Co-Ag  granular  system  should  be 
correlated.  On  the  other  hand,  we  assume  that  in  a  percolat¬ 
ing  ferromagnet  the  extraordinary  Hall  effect  is  due  to  scat- 
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terings  of  polarized  conduction  d  electrons  with  spins 
aligned  with  the  field,  the  number  of  these  electrons  being 
proportional  to  magnetization,9  while  magnetoresistance  is 
due  to  scatterings  of  all  electrons.  A  scaling  in  the  form 
pxys*(Apxx/pxx)nMs,  where  n  is  an  unknown  exponent,  is 
examined.  As  shown  in  Fig.  4(b),  the  high  temperature  be¬ 
havior  can  be  successfully  described  by  the  latter  relation  for 
n  of  1/2,  but  no  correlation  is  observed  at  low  temperatures. 
We  admit  that  the  particular  value  of  n  is  not  justified,  and 
the  choice  of  n  =  1/2  is  arbitrary. 

The  giant  Hall  resistivity  in  the  percolating  granular 
magnetic  system  points  out  a  number  of  interesting  applica¬ 
tions  for  Hall  sensors.  It  may  be  used  as  a  magnetic  field 
sensing  element  in  a  read  head  of  magnetic  recording  de¬ 
vices,  in  magnetic  switching  devices  or  in  a  magnetic  ran¬ 
dom  memory.  The  main  advantages  are  that  the  Hall  element 
will  be  sensitive  to  the  direction  of  the  magnetic  field  and 
will  not  require  a  bias  field  which  is  necessary  in  sensors 
based  on  the  magnetoresistance  or  spin  valve  effect.  The 
high  resistivity  may  be  a  limitation.  The  initial  achievement 
of  the  saturation  Hall  resistivity  of  over  100  yuO  cm  in  our 
best  percolating  films  is  already  considerably  larger  than  the 
largest  extraordinary  Hall  effect  reported  so  far  for  magnetic 
granular  systems  which  is  —  1  p£l  cm.4,16 

To  conclude,  we  found  a  giant  enhancement  of  the  ex¬ 
traordinary  Hall  effect  in  magnetic  metal-insulator  granular 
films,  as  the  metal  volume  fraction  in  the  composite  de¬ 
creases  from  1  to  0.55.  The  enhancement  is  greater  than  that 
predicted  by  the  percolation  theory.  Correlations  of  the  Hall 
resistivity  with  both  resistivity  Pxys^^sPxx  anc*  magnetore¬ 
sistivity  pxysocMs(Apxx/pxx)m  are  investigated  with  tem¬ 
perature  being  an  implicit  parameter.  The  latter  relation  holds 
for  high  temperatures  where  both  magnetoresistivity  and  the 
Hall  resistivity  may  be  dominated  by  magnetic  disorder  via 
spin-dependent  scattering. 
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The  onset  of  spin  glass  freezing  in  dilute  Ising  systems  with  long  range  interactions  is  investigated 
within  the  framework  of  a  random  local  field  approach  (previously  developed  for  disordered 
ferromagnets  and  ferroelectrics)  with  the  use  of  numerical  simulations.  The  problem  reduces  to  the 
diagonalization  of  an  NX N  random  matrix,  N  being  the  number  of  spins  in  the  simulation,  whose 
elements  depend  on  the  spin- spin  interaction  and  temperature.  We  identify  the  onset  of  spin  glass 
freezing  with  the  temperature  at  which  this  boundary  eigenvalue  separating  localized  and  extended 
states  is  equal  to  one.  Numerical  simulations  give  a  reasonable  value  of  the  freezing  temperature  for 
dilute  RKKY  spin  glasses  and  reproduce  its  linear  concentration  dependence  in  agreement  with  the 
scaling  relation.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)23108-3] 


We  consider  Ising  spin  glasses  with  the  Hamiltonian 

JijSJj,  St=  ±  1,  (1) 

z  ij 

where  J  is  the  interaction  between  spins  separated  by  the 
distance  rtj .  For  RKKY  interactions 

cos(2  kFru) 

Jij=A  3  •  (2) 

The  goal  of  the  present  article  is  to  give  an  estimate  of 
the  spin  glass  freezing  temperature  Tg  based  on  Eqs.  (1)  and 
(2).  In  particular,  we  will  show  that  the  dependence  of  Tg  on 
spin  concentration  c  in  a  very  dilute  limit  is  in  agreement 
with  the  scaling  relation1  Tg~c .  Until  recently  there  has 
been  no  proof  given  for  the  validity  of  the  scaling  law  di¬ 
rectly  from  Eqs.  (1)  and  (2).  For  example,  the  approach  fol¬ 
lowed  in  recent  papers  leads  to  Tg~cm  as  c— >0.2 

In  its  application  to  dilute  Ising  spin  glasses  with  RKKY 
interactions,  the  present  article  follows  the  approach3  of  av¬ 
eraging  first  over  thermal  fluctuations  before  averaging  over 
configurational  disorder.  First  of  all,  we  consider  a  fixed  con¬ 
figuration  of  the  spins  and  perform  the  thermal  averaging, 
using  the  so  called  random  local  field  approach  that  has  been 
originally  developed  for  dilute  Ising  ferromagnets  and  ferro¬ 
electrics,  where  it  was  found  to  be  a  significant  improvement 
over  conventional  mean  field  theory.4 

In  applying  the  model  to  dilute  systems  with  long  range 
interactions,  additional  complications  are  encountered  due  to 
the  existence  of  localized  states.  In  order  to  find  a  character¬ 
istic  boundary  (or  “mobility  edge”)  between  localized  and 
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extended  states  and  to  estimate  the  freezing  temperature  of 
the  extended  states,  we  performed  the  configurational  aver¬ 
age  of  the  microscopic  equations  using  computer  simulation 
techniques,  numerically  diagonalizing  random  matrices  that 
corresponds  to  RKKY  interactions,  between  spins  randomly 
occupying  sites  on  a  three-dimensional  simple  cubic  lattice. 
The  analogous  approach  based  on  local  mean  field  equations 
has  been  reported  recently.5 

In  the  development  of  random  local  field  approach  we 
start  from  the  identity6 

(5i)  =  |tanh|yJ|,  (3) 

where 

(4) 

j 

is  the  local  field  acting  on  every  spin  due  to  interaction  with 
its  neighbors.  Equation  (7)  can  be  written  in  the  form 

(5,-)=  |  dfftanhj  *)/,(»).  (5) 

where 

fi(H)  =  (S(H-Hi))=2-  j  dpe‘PHfip,  (6) 

in  which 

fiP= <exp[  -  ipHj ])  =  (II*[cos (pJik)  -  iSk  sin (p/,-*)]). 

(7) 

In  order  to  calculate  the  spin  glass  transition  tempera¬ 
ture,  it  is  sufficient  in  Eq.  (7)  to  keep  only  terms  linear  in 
(Si).  We  also  neglect  correlations  between  different  spins 
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k,k' ■■■,  interacting  with  spin  i,  which  is  equivalent  to  mak¬ 
ing  a  pair  approximation.  When  this  is  done,  the  expression 
for  fip  assumes  the  form 

/ip=n*  cos (pJiJ-i'Z  Hk*j  cos(p7/t)sin(p/ ij)(Sj). 

(8) 

We  make  the  replacement 

n**,  cos(pjik)~nk¥sj  cos (pjik)  (9) 

based  on  the  fact  that  the  cosine  function  partially  suppresses 
the  effect  of  fluctuations  in  Jy  that  originate  from  the  vari¬ 
able  sign  interactions.  Equation  (9)  is  the  exact  result  for  the 
infinite  range  SK  model  with  Ji}=  ±Jf(N112),  N  being  a 
number  of  spins. 

■7  In  dilute  systems  in  which  the  randomness  in  the  inter- 
action  stems  from  the  random  occupation  of  the  lattice  sites, 
the  result  of  the  configurational  average  in  Eq.  (9)  can  be 
written  in  the  form  exp[-Fj(p)],  where  for  c<^l  Fx(p)  is 
given  by 

^i(p)  =  c2  (l~cos[p/(ry)]),  (10) 

j 

where  the  summation  in  Eq.  (10)  is  taken  over  all  lattice 
sites.  Using  Eqs.  (6)  and  (8)  in  Eq.  (5)  we  obtain  the 
equation4^ 

<^)  =  S  (ID 

j 

where 


The  main  difference  between  the  SK  model  and  the 
model  given  by  Eqs.  (1)  and  (2)  is  the  existence  of  localized 
states,  the  latter  associated  with  small  clusters  of  spins.  It  is 
clear,  however,  that  localized  states  are  not  responsible  for 
the  collective  behavior  of  the  system  which  is  the  property  of 
delocalized,  extended  states.  The  crossover  between  local¬ 
ized  and  extended  states  has  been  extensively  studied  (see, 
for  example,  Refs.  8-10)  in  connection  with  the  problem  of 
Anderson  localization.  It  has  been  shown  that  the  boundary 
between  localized  and  extended  states  is  usually  rather  sharp, 
and  the  characteristic  eigenvalue  of  the  effective  interaction 
matrix  for  which  a  relative  variance  in  the  distribution  of 
eigenvalues  is  equal  to  1/2  can  be  considered  as  a  simple 
criterion  determining  the  crossover  between  localized  and 
extended  states.  The  relative  variance  (that  is  the  ratio  be¬ 
tween  the  variance  and  the  distribution  function)  approaches 
1  for  Poisson  statistics,  that  are  a  characteristic  of  localized 
states,  and  is  much  less  than  1  for  extended  states.  We  have 
performed  the  numerical  solution  of  Eqs.  (1)  and  (2)  using 
computer  simulation  techniques  (with  kF=  3).  We  randomly 
distributed  approximately  A  =900  Ising  spins  on  a  simple 
cubic  lattice  with  periodic  boundary  conditions,  where  the 
size  of  the  lattice  had  been  adjusted  to  the  spin  concentration. 
We  then  calculated  all  eigenvalues  Ek  (£=1,...,A0  of  the 
matrix  T>^F. 

In  order  to  calculate  the  distribution  function  of  the  ei¬ 
genvalues  we  divided  the  interval  [  —  R,R]  into  200  subinter¬ 
vals  and  collected  the  number  n(E)  of  eigenvalues  in  each 
subinterval.  This  was  repeated  for  100  different  random  con¬ 
figurations  of  the  spins  and  the  results  averaged.  The  distri¬ 
bution  function  was  written  as 


dp  exp[  — F1(p)]sin(/yp) 
sinh(  irpT/2) 


(12) 


(r(E)  =  T7[«(£’)]av 


(14) 


Equation  (12)  is  the  fundamental  equation  of  the  random 
local  field  approximation.  Note  that  <1 >yLF  remains  finite  as 
T — >0. 

Before  considering  the  application  of  Eq.  (11)  to  realistic 
models,  it  is  worthwhile  seeing  the  consequences  for  the  SK 
model.  Under  these  conditions,  F{(p)  =  p2J2/2,  while 
sin (Jfj)  can  be  approximated  by  its  argument.  The  matrix 
fl>FLF  then  assumes  the  form 


<f>u(T)  = 


dp  exp["p272/2]p 
sinh(  irpTI2) 


Jij- 


(13) 


We  note  that  for  infinite  range  interactions  all  eigenvec¬ 
tors  of  the  random  matrix  <P^LF  are  delocalized,3,7  and  the 
transition  temperature  can  be  identified  with  the  temperature 
at  which  the  largest  eigenvalue  of  the  matrix  <b^LF  is  equal  to 
one.  Since  the  largest  eigenvalue  of  Eq.  (13)  is  equal  to  the 
expression  in  braces  multiplied  by  27, 3  one  obtains  an  ex¬ 
pression  for  Tg  by  numerically  evaluating  the  integral.  The 
result  is  Tg —  1.48  J,  which  is  halfway  between  the  mean  field 
and  exact  results,  and,  thus,  is  a  significant  improvement 
over  the  former.  Since  the  random  local  field  approximation 
gives  a  rather  good  account  of  the  effect  of  fluctuations  in  the 
SK  model,  it  is  likely  to  be  a  reasonable  first  step  in  the 
estimation  of  Tg  in  the  RKKY  model. 


where  M  is  the  normalizing  coefficient. 

In  the  same  manner  we  calculated  the  variance  of  the 
eigenvalue  distribution 

var(E)  =  -^([n(£')2]av-[«(£')]av)-  (15) 


FIG.  1.  Eigenvalue  distribution  function,  a(E )  (solid  line),  variance,  var(£) 
(crosses),  and  inverse  participation  ratio  IPR(E)  (diamonds)  corresponding 
to  matrix  for  c  =  0.02  and  Tg  =  0.07  (in  units  \A\/d3). 
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FIG.  2.  Eigenvalue  distribution  function,  a(E )  (solid  line),  variance,  var (E) 
(crosses),  and  inverse  participation  ratio  IPR(£)  (diamonds)  corresponding 
to  matrix  <1>^LF  for  c  —  0.04  and  Tg  —  0.13  (in  units  |A|/d3). 

We  have  tested  the  effect  of  finite  lattice  size  by  comparing 
the  results  obtained  for  900  spins  with  those  for  1300  spins. 
No  noticeable  difference  in  eigenvalue  distributions  was 
found. 

We  have  also  considered  another  very  common  localiza¬ 
tion  measure,  the  inverse  participation  ratio,  IPR (£),  for  the 
eigenvalue  E ,  defined  as 

IPR (E)  =  2  ty(J E)\  (16) 

j 

where  if/j(E ),  are  the  corresponding  eigenvector 

components.  Because  2^=  1,  the  IPR  should  be  very 
small,  i.e.,  proportional  to  1  IN  for  very  delocalized  states, 
and  approaching  one  only  in  the  opposite  limit  of  extreme 
localization. 

In  order  to  find  the  estimate  for  the  Tg  we  have  per¬ 
formed  numerical  simulations  using  the  values  of  <bj*LF  ma¬ 
trix  at  different  temperatures  and  found  the  temperature  for 
which  Em=  l.11  Em  is  the  crossover  eigenvalue  separating 
localized  and  extended  states  (see  Figs.  1  and  2).  This  tem¬ 
perature  corresponds  to  the  freezing  temperature  Tg  of  the 


extended  states.  We  found  T^O.OViO.Ol  for  c  =  0.02, 
7g~0.li0.01  for  c  =  0.03,  Tg~0.13±0.01  for  c  =  0.04  (in 
units  \A\/d3,  d  is  the  lattice  constant).  One  can  see  that  Tg 
scales  practically  linearly  with  concentration  in  agreement 
with  scaling  relation  and  can  be  written  as 

^RLF_ n  „  1^1 

Tg  3c  -^3-.  (17) 

Note  that  the  values  of  Tg  given  by  Eq.  (17)  are  approxi¬ 
mately  one-half  of  the  corresponding  values  for  Tg  in  the 
mean  field  approximation.5 

From  a  comparison  of  the  numerical  values  of  Tg  ob¬ 
tained  here  with  the  results  of  mean  field  simulations5  and 
with  the  presented  above  analyses  of  the  SK  model  one  can 
conclude  that  the  effect  of  thermal  fluctuations  on  RKKY 
spin  glasses  is  as  crucial  as  for  the  SK  infinite  range  interac¬ 
tion  model,  a  result  which  is  consistent  with  the  long  range 
nature  of  the  RKKY  interaction.  Such  a  correspondence  be¬ 
tween  the  effect  of  fluctuations  in  RKKY  and  SK  Ising  spin 
glasses  allows  us  to  estimate  Tg  in  RKKY  Ising  spin  glasses 
as  Tg^2C\A\/d3. 

1  J.  A.  Mydosh,  Spin  Glasses:  An  Experimental  Introduction  (Taylor  & 
Francis,  London,  1993). 

2P.  J.  T.  Eggenkamp  et  al ,  Phys.  Rev.  B  51,  15250  (1995).  In  the  theory  of 
Shegelski  and  Geldart  [M.  R.  Shegelski  and  D.  J.  Geldart,  Phys.  Rev.  B 
46,  2853  (1992)],  Tg  is  infinite  in  the  absence  of  electron  mean  free  path 
effects. 

3D.  J.  Thouless,  P.  W.  Anderson,  and  R.  G.  Palmer,  Philos.  Mag.  35,  593 
(1977). 

4  (a)  B.  E.  Vugmeister  and  V.  A.  Stefanovich,  Solid  State  Commun.  67,  323 
(1987);  (b)  Sov.  Phys.  JETP  70,  1053  (1990). 

5B.  E.  Vugmeister,  D.  Nowakowski,  and  D.  L.  Huber,  Solid  State  Commun. 
96,  711  (1995). 

6H.  B.  C alien,  Phys.  Lett.  4,  161  (1963). 

7E.  P.  Wigner,  Ann.  Math.  62,  548  (1955);  67,  325  (1958). 

8S.  N.  Evangelou,  J.  Stat.  Phys.  69,  361  (1992). 

9B.  L.  Al’tshuler,  I.  Kh.  Zharekeshev,  S.  A.  Koshigova,  and  B.  I. 
Shklovskii,  Sov.  Phys.  JETP  67,  625  (1988). 

10  Y.  V.  Fedorov  and  A.  O.  Mirlin,  Phys.  Rev.  Lett.  67,  2049  (1991). 

11  In  Ref.  5  a  similar  analysis  has  been  performed  for  mean  field  matrix  J^T. 
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Criticality  of  the  fully  frustrated  XY  model:  A  study  using  Monte  Carlo 
hard-spin  mean-field  theory  (abstract) 

James  E.  Tesiero  and  Susan  R.  McKay 

Department  of  Physics  and  Astronomy,  University  of  Maine,  Orono,  Maine  04469-5709 

The  number  and  types  of  phase  transitions  occurring  in  the  two-dimensional  fully  frustrated  XY 
model  have  remained  controversial  in  spite  of  over  a  decade  of  attention.  In  this  study,  we  have 
developed  a  Monte  Carlo  hard-spin  mean-field1  approach  for  models  with  a  continuous  spin  variable 
and  applied  it  to  this  system.  From  our  calculations  of  the  chirality,  helicity  modulus,  specific  heat, 
and  sublattice  magnetizations,  we  find  that  reflection  and  rotational  symmetries  are  broken  at  the 
same  temperature.  The  chirality,  order  parameter  for  the  reflection  symmetry  breaking,  exhibits 
power-law  dependence  on  T~~  Tc  with  a  critical  exponent  of  0.246  ztO. 006.  This  result  is  decisively 
different  from  the  mean-field  value  of  0.500,  which  would  be  obtained  for  a  transition  in  the  Ising 
universality  class  using  this  method.  This  finding  enables  us  to  rule  out  the  possibility  of  two 
separate  transitions,  too  closely  spaced  in  temperature  to  be  resolved  by  our  calculation.  The 
magnitude  of  the  magnetization  on  each  sublattice  also  shows  power-law  behavior  as  a  function  of 
temperature  in  the  critical  region,  with  a  critical  exponent  of  0.1 26± 0.002.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)43908-8] 
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Magnetization  and  dynamics  of  reentrant  ferrimagnetic  spin-glass 
[MnTPP]  +[TCNE]“  -2PhMe 
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We  present  direct  current  (dc)  magnetization  M(T,H)  and  alternating  current  (ac)  susceptibility 
Xac(T,H,f)  data  for  the  quasi-one-dimensional  molecule-based  ferrimagnet 
[MnTPP] : :  +[TCNE]'_  •  2PhMe  (TPP= m^^o-tetraphenylpoiphyrinato,  TCNE= tetracyanoethylene) . 
Static  scaling  of  the  real  part  x*  of  the  ac  susceptibility  and  data  collapse  of  M(T,H)  over  a  limited 
reduced  temperature  range  above  Tc 13  K  lead  to  the  critical  exponents  1.6,  /3^0.5,  and  <5^4.2. 
Below  Tc ,  Xac  depends  sensitively  on  frequency  and  exhibits  a  striking  double-peak  structure  similar 
to  that  found  in  reentrant  spin  glasses.  Possible  models  for  the  frequency  dependence  of  the  peaks 
observed  in  x^c  are  discussed.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)23208-X] 


INTRODUCTION 

Interest  in  molecule-based  magnets  has  expanded  rapidly 
as  materials  with  novel  physics  and  technological  potential 
continue  to  be  realized.1  The  first  molecular  systems  possess¬ 
ing  bulk  magnetization  at  room  temperature  were  the  disor¬ 
dered,  organic-based  compounds  V^CNE^-y  (solvent) 
(TCNE=tetracyanoethylene).2  More  recently,  magnetism  in 
the  vicinity  of  room  temperature  has  also  been  observed  in 
the  M[M'(CN)6]-nH20  Prussian  Blue  class  of  materials.3 

The  relative  ease  of  synthesis  of  molecule-based  mag¬ 
nets  also  yields  unique  opportunities  for  studying  low¬ 
dimensional  magnets.  In  the  one-dimensional  case,  the  prop¬ 
erties  of  integral  vs  half-integral  spin  chains,4  alternating 
quantum-classical  ferrimagnetic  chains,5  and  low-dimen¬ 
sional  spin  glasses6  are  currently  of  great  theoretical  interest. 

The  class  of  metalloporphyrin-TCNE  electron-transfer 
compounds  is  of  interest  for  its  unusual  structural  and 
magnetic  properties.7,8  The  parent  compound, 
[MnTPP] : :  +  [TCNE]'  “  •  2PhMe  (TPP = meso-tetrapheny  lpor- 
phyrinato)  is  comprised  of  chains  of  alternating  [MnTPP] 
(5!  =  2)  and  [TCNE]  (S2  =  1/2)  molecular  units  with  direct 
metal-CN  bonds  similar  to  those  in  V(TCNE). 

In  this  paper,  we  present  detailed  measurements  of  direct 
current  (dc)  magnetization  M(T,Hdc)  and  alternating 
current  (ac)  susceptibility  ^ac(T,/,//ac  ,Hdc)  for 
[MnTPP]::+[TCNE]*“*2PhMe.  A  state  of  long-range  ferri¬ 
magnetic  order  builds  up  as  T  is  decreased  below  ~20  K 
toward  a  critical  temperature  of  Tc^13  K  as  determined 
from  a  static  scaling  analysis.  The  broad  temperature  region 
of  incipient  ferrimagnetism  above  Tc  may  result  from  the 
presence  of  highly  anisotropic  coherent  clusters  of  spins  and 
the  effects  of  disorder.  At  lower  temperatures  (7<10  K),  a 
distinct  second  peak  appears  in  the  out-of-phase  ac  suscepti¬ 
bility,  indicative  of  the  “reentrant”  transition  to  a  spin-glass 
“phase”  which  coexists  with  ferrimagnetic  order  in  the  field- 
cooled  state.  The  frequency  dependence  of  this  lower- 
temperature  peak,  however,  is  stronger  than  that  observed  in 
the  canonical  spin  glasses9  as  well  as  known  reentrant 


alloys.10  The  field  dependence  of  the  low-temperature  state  is 
similar  to  that  of  a  metamagnet:  spins  of  disordered  ferri¬ 
magnetic  chains  reorient  coherently  over  a  temperature- 
dependent  critical  field  range  [A//c(7)]  to  a  state  with  satu¬ 
rated  ferrimagnetic  order.  These  results  are  compared  to  the 
expectations  of  a  model  of  anisotropic,  interacting  superpara- 
magnetic  clusters. 

EXPERIMENT 

The  preparation  of  [MnTPP][TCNE]  has  been  described 
earlier.7  The  dc  magnetization  was  measured  with  a  Quantum 
Design  MPMS5  superconductory  quantum  interference  de¬ 
vice  magnetometer  in  the  ranges  2^7^400  K  and 
0^//dc^5  T.  The  ac  susceptibility  was  measured  via  the 
mutual  inductance  technique  with  a  LakeShore  7225  ac 
Susceptometer/dc  Magnetometer  in  the  ranges  4^7^30  K 
and  0^Hdc^l  T.  The  real  and  imaginary  components  of  the 
linear  susceptibility  were  recorded  for  an  ac  field  of  0. 1  Oe 
and  a  range  of  frequencies  (5  Hz^/^40  kHz).  The  domi¬ 
nant  source  of  uncertainty  in  determining  the  magnitude  of 
the  molar  susceptibilities  was  the  sample  mass,  estimated  to 
be  accurate  to  within  2%. 

RESULTS 

The  temperature  dependence  of  the  zero-field  cooled 
(ZFC)  molar  magnetization  of  [MnTPP]  +  [TCNE]" 
*2PhMe  for  different  applied  fields  is  shown  in  Fig.  1.  The 
lowest  temperature  state  is  demagnetized  (M  is  near  zero  at  5 
K).  The  magnetization  goes  through  a  broad  maximum  cen¬ 
tered  between  8  and  11  K  depending  on  field.  As  T  increases 
above  15  K ,  M  drops  quickly;  the  intermediate  temperature 
(100<7<250  K)  M(T)  data  (not  shown)  follow  Curie- 
Weiss  behavior  with  ^dc=M///=  C/(T—  0 ),  with  0=+61  K. 
At  room  temperature,  C^3.1  emu  Kmol-1,  consistent  with 
molecular  units  with  Sx  =  2  (MnTPP)  and  52=i  (TCNE). 
The  large  negative  Curie -Weiss  temperature  0C-1OO  K  for 
7>250  K  indicates  antiferromagnetic  coupling  between  ad¬ 
jacent  spins.  The  inset  of  Fig.  1  shows  field  cooled  (FC)  and 
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FIG.  1.  Temperature  dependence  of  zero-field  cooled  (ZFC)  magnetization 
at  small  applied  fields.  Inset;  FC  vs  ZFC  magnetization  at  50  and  125  Oe. 

ZFC  magnetization  data  at  two  fields.  While  the  ZFC  curves 
are  only  obtained  on  warming,  the  FC  magnetization,  which 
lies  above  the  ZFC  magnetization  at  low  temperatures,  is 
reversible  at  the  sweep  rate  of  —0.1  Kmin  \  The  point 
where  the  FC  and  ZFC  data  merge  is  taken  as  the  irrevers¬ 
ibility  temperature  Tf(H). 

Isothermal  magnetization  data  were  recorded  in  a  ZFC 
state  (initial  curves)  for  several  temperatures  2^7^35  K 
(Fig.  2).  The  saturation  magnetization  (H>  4  T)  is 
Ms~  17  000  emu  Oe  mol"1,  consistent  with  the  expected 
value  (Ms=  16  755  emu  Oe  mol"1)  for  a  ferrimagnet  of  net 
spin  |  per  repeat  unit.  The  S-shaped  approach  to  saturation 
occurs  at  lower  fields  as  7  increases  from  2  K. 

The  zero  dc  field  susceptibility  data  are  presented  in  Fig. 
3.  The  real  x'  and  imaginary  )['  parts  of  *ac  were  recorded  on 
warming  from  a  ZFC  state.  An  ac  field  of  amplitude  ffac=0.1 
Oe  was  applied  in  a  sequence  of  frequencies  (5  Hz^/^40 
kHz).  Due  to  the  small  ac  amplitude,  a  low  signal-to-noise 
ratio  was  obtained  at  certain  frequencies.  A  limited  frequency 
range  (20  Hz^/^  1  kHz)  is  included  in  Fig.  3  to  maximize 
clarity.  The  real  part  x'  becomes  strongly  frequency  depen¬ 
dent  below  —14  K.  In  addition,  a  distinct  shoulder  appears  in 
x'  at  lower  temperatures.  This  feature  is  isolated  in  the 
imaginary  part  )/'  as  a  separate  peak.  The  “double-peak” 
structure  in  these  data  is  discussed  below. 

DISCUSSION 

The  results  of  the  static  scaling  analysis  are  presented  in 
Fig.  4.  The  Kouvel -Fisher11  scaling  function 
XKF(T)  =  - x' (dx' /dT)~l  [Fig.  4(a),  left  axis],  obtained 
from  the  real  zero-field  ac  susceptibility  x'>  has  the  linear 
(scaling)  form  XKF(7)  =  (7—  Tc)l y  only  above  —16  K.  The 
critical  temperature  7C«*12.5  K  and  average  susceptibility 
exponent  y^l.6  are  obtained  from  the  7  intercept  and  in¬ 
verse  slope  of  XKF,  respectively.  The  fact  that  x  does  not 
obey  a  power  law  in  |f|  within  —  3  K  above  Tc  may  reflect 
the  presence  of  strong  spatial  anisotropy 

(^inte^intra^10”2) — the  buildup  of  long-range  intrachain 
correlations  is  particularly  sensitive  to  defects  and  disorder, 
possibly  leading  to  the  formation  of  quasi-one-dimensional 
(ID)  “domains”  well  above  Tc .  Consequently,  the  “core” 
(3D)  critical  region  is  not  probed  in  this  measurement  and 
the  observed  y  is  expected11  to  be  enhanced  over  its  true 
value.  The  effective  exponent  y(7)  =  (7-7c)/XKF  [Fig. 


H  (Oe) 

FIG.  2.  Zero-field  cooled  (initial)  isothermal  dc  magnetization. 


4(a),  right  axis]  elucidates  the  presence  of  a  region  (7<16 
K)  where  x'  does  not  scale,  below  an  unusually  wide  range 
where  y(T)  is  fairly  constant,  falling  off  slowly  as  7  in¬ 
creases. 

The  value  y*»1.6  is  used  to  restrict  the  parameter  space 
(0,<5)  in  the  scaling  of  M(7,//)  [Fig.  4(b)]  through  the 
Griffiths-Rushbrooke  relation12  y—/3(S—  1).  The  trial  critical 
temperature  7 *  for  which  the  M(T)  data  appear  to  coalesce 
for  the  three  smallest  applied  fields  (over  a  limited  reduced 
temperature  range  above  Tirc)  is  independently  found  to  be 
7C— 13-13.5  K.  It  is  estimated  that  /3— 0.5  and  <5-4.2, 
though  the  accuracy  and  precision  are  limited  by  the  relative 
insensitivity  of  the  analysis  to  the  choice  of  /3  and  S \  and  that 
the  (possibly  enhanced)  y  is  obtained  from  data  above  16  K. 
The  Tc  value  obtained  is  significantly  lower  than  that  ob- 


FIG.  3.  Real  Or')  and  imaginary  Or")  parts  of  the  ZFC  ac  susceptibility  in 
zero  bias  field  Hdc  and  0.1  Oe  excitation  field  H.AC-X'  data  are  shifted  for 
clarity;  high  temperature  values  show  the  approximate  baseline  for  each 
curve. 
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a  broadening  distribution  of  barriers  to  the  rotation  of  spin 
cluster  moments. 

The  appearance  of  a  second,  lower  temperature  peak  in 
Xac  is  similar  to  that  seen  in  “reentrant”  spin-glass  (RSG) 
alloys.14  However,  the  frequency  dependence  of  both  lower 
(7/)  and  upper  (T2)  peak  temperatures  is  quite  strong,  sug¬ 
gesting  that  [MnTPP][TCNE]  lies  somewhere  between  tradi¬ 
tional  RSGs  and  pure  SPM.  The  fractional  shifts  in  peak 
temperature  per  decade  of  frequency  are 
(A Ty/TJ/iA  log/) ^0.23  and  (A72/r2)/(A  log/)«0.14. 
Fits  to  pure  Arrhenius  behavior  give  Eal/kB**  112  K  and 
/01~940  MHz  (toi~10-9  s)  for  T^w)  and  Ea2/kB~ 247  K 
and/02=420  GHz  (t02~2.4X10-12  s)  for  T2(w).  (r0=l//0  is 
the  characteristic  limiting  relaxation  time  for  a  given  fre¬ 
quency  prefactor /0).  The  peak  positions  are  relatively  close 
to  the  “typical”  blocking  temperatures  obtained  using 
Th~EJ25kB  .10  The  applicability  of  the  model  of  transverse 
spin  freezing14  to  [MnTPP][TCNE]  is  under  investigation. 
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FIG.  4.  (a)  Kouvel-Fisher  scaling  function  YKF(:r)  =  ~  X*  Wx' !  dT)~l  (left 
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tained  by  extrapolating  the  maximum  slope8  of  the  low-field 
M(T)  curve  to  M  =  0,  which  gives  7C^18  K. 

As  mentioned  above,  the  experimental  observation  of  a 
“slow”  transition  to  long-range  ferrimagnetic  order  in 
[MnTPP]  +[TCNE]  _-2PhMe  reflects  the  quasi-ID  magne¬ 
tism  in  this  system.  In  chainlike  magnets,  significant  long- 
range  longitudinal  spin-spin  correlations  build  up  well  be¬ 
fore  3D  order  is  established.  For  instance,  specific  heat 
studies  reveal  that  a  very  high  fraction  of  the  magnetic  en¬ 
tropy  of  quasi-ID  magnets  lies  above  Tc  ,13 

The  low-temperature  isothermal  magnetization  M(H) 
and  the  appearance  of  the  “reentrant”  transition  may  be  in¬ 
terpreted  as  resulting  from  the  behavior  of  interacting,  aniso¬ 
tropic  superparamagnetic  clusters.  Superparamagnetism 
(SPM)  describes  the  behavior  of  well  separated,  classical 
(large  S)  spin  clusters  which  behave  paramagnetically  at 
high  temperatures,  but  due  to  internal  shape  or  dipolar  an¬ 
isotropy  energy  barriers  are  “blocked”  from  undergoing  glo¬ 
bal  spin  flips  below  a  characteristic  temperature  Tb.  SPM 
leads  to  broad  maxima  around  Tb  in  M(T)  and  *ac,  with  the 
latter  following  an  Arrhenius  frequency  dependence 
(o~co0Qxp(~  EalkBT),  where  Ea  is  a  characteristic  anisot¬ 
ropy  energy.  In  contrast,  [MnTPP][TCNE]  is  a  magnetically 
concentrated  system,  so  intercluster  interactions  are  likely 
very  important,  and  may  be  responsible  for  the  spin-glass- 
like  behavior. 

The  S-shaped  crossover  in  M{H)  from  low-M  to  satu¬ 
ration  occurs  in  a  range  A HC(T).  If  HC(T)  is  defined  as  the 
midpoint  of  the  crossover,  it  is  seen  that  both  Hc  and  tSHc 
decrease  as  T  increases  from  2  to  7  K.  The  A Hc  trend  favors 
a  disordered,  spin-glass-like  state  at  low  T  and  H  rather  than 
a  pure  antiferromagnetic  one  as  in  the  ideal  metamagnetic 
case.  Due  to  a  strongly  spatially  anisotropic  exchange  7,  spin 
clusters  in  [MnTPP][TCNE]  are  expected  to  be  elongated. 
The  increase  in  A//c  as  T  decreases  indicates  the  presence  of 
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There  is  considerable  theoretical  interest  in  triangular  and  stacked  triangular  lattice 
antiferromagnets,  particularly  as  regards  their  phase  transitions  and  the  nature  of  the  ground  state  of 
quantum  systems  with  spin  S=  5.  There  are,  however,  no  good  experimental  representatives  of  the 
S={  triangular  lattice  antiferromagnet,  and  indeed  there  are  few  good  representatives  of  those  with 
higher  spin.  Given  the  diversity  of  theoretical  problems  associated  with  these  systems  there  is  a  clear 
need  to  find  appropriate  new  model  materials.  We  report  the  discovery  of  a  versatile  new  series  of 
triangular  lattice  magnets,  the  anhydrous  alums  of  general  formula  AM(S04)2,  with  A=alkali  metal, 
M=Ti,V,Cr,Fe.  In  these  materials  the  magnetic  M  ions  occupy  a  regular  or  very  slightly  distorted 
triangular  lattice  in  well-separated  layers.  All  show  magnetic  ordering  effects  in  the  range  2-10  K, 
the  near-neighbor  exchange  being  antiferromagnetic  for  Ti,  V,  and  Fe  and  ferromagnetic  for  Cr.  The 
Ti  materials,  which  we  have  made  for  the  first  time,  have  S=  5,  and  may  prove  to  be  the  best 
examples  of  the  S= 5  triangular  lattice  antiferromagnet  yet  discovered.  In  general,  our  ability  to 
control  the  spin  value,  spin  anisotropy,  and  exchange  anisotropy  makes  the  anhydrous  alums  a 
potentially  useful  series  for  the  investigation  of  a  variety  of  physical  problems.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)44008-4] 
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Finite  size  effects  in  thin  NiMn  spin  glass  layers 
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Measurements  of  the  normalized  spin  freezing  temperatures,  Tf/Tbf,  (Tf- bulk  spin-freezing 
temperature)  are  reported  for  NiMn/Cu  multilayers  in  which  the  Mn  concentrations  are  in  the 
spin-glass  range  and  the  Cu  thickness  is  held  constant  at  a  large  enough  value  0Cu=30  nm)  to 
magnetically  decouple  the  NiMn  layers.  The  variation  of  Tf/Tbf  with  NiMn  layer  thickness,  fNiMr,  is 
very  similar  to  the  variations  previously  found  for  CuMn,  AgMn,  and  AuFe.  Quasistatic  finite  size 
effects  in  NiMn  spin-glass  thus  appear  to  be  rather  similar  to  those  in  the  more  traditional 
noble-metal  spin  glasses.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)23308-6] 


I.  INTRODUCTION 

There  has  recently  been  considerable  interest  in  finite 
size  effects  (FSE)  in  magnetic  materials. 1-11  In  ferromagnets, 
deviations  of  the  Curie  temperature,  Tc ,  from  its  bulk  value 
Tbc  do  not  become  large  until  the  ferromagnetic  layer  thick¬ 
ness,  tF,  reaches  a  few  monolayers  (ML).11  In  the  noble- 
metal-based  spin  glasses  (SGs),  CuMn,  AgMn,  and  AuFe,  in 
contrast,  we  have  shown  that  the  quasi-static  spin-freezing 
temperature,  Tf,  deviates  significantly  from  its  bulk  value, 
Tf,  by  SG  layer  thickness  tSG=  100  ML,  and  reaches  50%  of 
Tf  by  rSG~20  ML.1-3  In  this  paper,  we  examine  the  variation 
of  Tf  with  tSG  for  a  very  different  kind  of  SG,  NiMn.  The 
issue  of  interest  is  the  universality  of  quasistatic  FSE  in  SGs, 
previously  shown  to  hold  for  the  noble-metal  based  SG 
alloys.1-3 

The  noble-metal  based  SG  alloys  consist  of  dilute  mag¬ 
netic  impurities  in  a  nonmagnetic  host,  in  which  the  impuri¬ 
ties  interact  only  with  each  other,  primarily  via  the  RKKY 
exchange  interaction.12  The  NiMn  alloys  of  interest,  in  con¬ 
trast,  contain  two  magnetic  components,  neither  of  which  is 
dilute.  All  atoms  have  magnetic  neighbors,  and  the  dominant 
interaction  is  short  range  exchange,  with  competition  be¬ 
tween  ferromagnetic  Ni-Ni  and  Ni-Mn  and  antiferromag¬ 
netic  Mn-Mn  interactions.13  As  Mn  is  added  to  pure  Ni, 
ferromagnetism  persists  until  the  Mn-Mn  interactions  dis¬ 
rupt  the  long-range  magnetic  order.  This  disruption  leads14 
first  (Fig.  1)  to  a  rentrant  SG  (RSG)  regime  for  24 
at.%>cMn>22  at.%  Mn,  that  exhibits  paramagnetic  (P)  to 
ferromagnetic  (F)  to  disordered  SG-like  transitions  with  de¬ 
creasing  temperature,  and  then,  for  cMn>24  at.%,  to  a  regime 
where  there  is  only  a  P  to  a  more  nearly  normal-SG 
transition.15  It  is  this  latter  regime  on  which  we  focus  in  the 
present  paper.  Abdul-Razzaq  and  Wu16  reported  little  or  no 
FSE  down  to  tRSG=\0  nm  in  a  brief  study  of  NiMn  thin 
films  in  the  RSG  regime. 

II.  SAMPLES  AND  PREPARATION 

To  obtain  enough  SG  material  for  quantitative  analysis 
of  FSE,  in  our  previous  studies  of  noble-metal  based  SG 
alloys,  we  sputtered  multilayers  composed  of  alternating  lay¬ 
ers  of  the  SG  of  interest  and  one  of  the  nonmagnetic  host 
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metals,  with  the  interlayer  thickness,  tlL ,  thick  enough  (typi¬ 
cally  ?il-30  nm)  to  make  interactions  between  the  SG  layers 
negligible.2  We  found  that  different  noble  metal  interlayers 
yielded  essentially  the  same  FSE  behavior.2  Since  the  two 
constituents  of  NiMn  are  both  magnetic,  we  could  not  use 
either  for  the  interlayer  material  in  similar  multilayers.  Based 
upon  our  experience  with  the  noble-metal  SG  multilayers, 
and  because  the  noble  metals  sputter  well,  we  decided  to  use 
Cu  as  the  interlayer  metal  with  the  NiMn.  From  previous 
observations  that  30  nm  of  a  wide  variety  of  metals  magneti¬ 
cally  decouples  noble  metal  SG  layers,17  we  assumed  the 
same  behavior  for  NiMnSG  layers  separated  by  Cu.  To  test 
that  this  assumption  was  not  strongly  violated,  we  checked 
for  a  variation  in  Tf/Tf  as  the  Cu  thickness  was  reduced 
from  ?Cu=30  to  10  nm  for  multilayers  with  ?NiMn~4  nm, 
where  Tf/Tf~0.6.  The  change  in  tCn  from  30  to  10  nm 
caused  only  a  small  increase  in  Tf/Tb,  comparable  to  the 
measuring  uncertainties. 

Because  Cu  is  not  a  constituent  of  NiMn,  it  might  per¬ 
turb  the  NiMn  multilayer  data  due  to  boundary  intermixing. 
For  CuMn  and  AgMn,  non-noble  metal  interlayers  such  as 
Al,  Nb,  and  V,  all  gave  lower  values  of  Tf  than  those  for 
noble  metal  interlayers  when  the  SG  layer  thicknesses  fell 
below  about  4  nm.17  We  attributed  these  reductions  to  inter¬ 
face  mixing  that  reduced  the  Mn  contribution  to  SG  behav¬ 
ior,  since  Mn  did  not  give  SG  behavior  in  those  other  metals. 
The  situation  in  NiMn  is  more  complex.  Since  CuMn  is  a 


at.  7.  Mn 


FIG.  1.  The  spin-freezing  temperatures  of  our  sputtered  films  of  thicknesses 
2*50  nm  compared  with  the  NiMn  magnetic  phase  diagram  from  Abdul- 
Razzaq  and  Kouval  (Ref.  14). 
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FIG.  2.  The  field-cooled  (FC)  (open  symbols)  and  zero-field-cooled  (ZFC) 
magnetizations  of  (a)  a  300  nm  thick  sputtered  single  film;  and  (b)  a  NiMn 
[(2  mn/30  nm)X50]  multilayer. 


SG,  dispersal  of  Mn  into  the  Cu  can  also  lead  to  SG  behav¬ 
ior.  Dilute  CuNi  alloys,  in  contrast,  do  not  display  SG-like 
behavior.18  It  is  thus  not  clear  whether  mixing  Cu  into  the 
edges  of  a  NiMn  layer,  or  spreading  some  of  the  Ni  and  Mn 
into  the  Cu  interlayer,  should  drive  Tf  up  or  down.  In  the 
present  study,  we  assume  that  the  Cu  has  no  net  effect  on  the 
data.  Further  studies  with  interlayers  of  metals  in  which  both 
Ni  and  Mn  impurities  are  nonmagnetic  are  needed  to  confirm 
this  assumption. 

The  multilayers  were  sputtered  in  the  same  system  pre¬ 
viously  used  for  SG  FSE  studies  in  CuMn,  AgMn,  and 
AuFe.2,3  The  1/4  in.  thick  by  2  in.  diam  Cu  targets  were 
spark  cut  from  5-9  s  pure  Cu  sheet,  while  the  SG  targets 
were  locally  fabricated  from  3-9  s  pure  Ni  and  Mn  pellets. 
Our  standard  procedure  of  rf  induction  melting  in  a  BN2 
coated  carbon  crucible  yielded  contaminated  samples.  We 
thus  developed  a  procedure  in  which  the  NiMn  alloy  was 
melted  inside  an  alumina  crucible  that  fit  snugly  into  the 
carbon  crucible.  This  procedure  reduced  the  maximum  diam¬ 
eter  of  the  NiMn  targets  to  1.5  in. 

Aside  from  the  use  of  smaller  targets,  the  only  other 
important  change  in  sample  fabrication  was  adopted  because 
of  the  instability  of  NiMn  against  possible  onset  of  chemical 
short-range-order  at  room  temperature.19  To  minimize  such 
effects,  the  substrates  were  held  at  temperatures 
below  -20  °C  during  the  entire  sputtering  run  and  the  sput- 
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FIG.  3.  TfITf  vs  fSG  for  two  sets  of  (NiMn/Cu)  multilayers  (open  and  filled 
circles)  and  for  CuMn(ll  at.%)/Cu  and  CuMn(14  at.%)/Cu  multilayers 
(crosses). 

tering  system  was  opened  while  still  cold  so  that  the  multi¬ 
layers  could  be  quickly  transferred  into  liquid  nitrogen  for 
storage  until  they  were  measured. 

EDX  measurements  of  the  two  NiMn  targets  used  in  the 
present  study  gave  Mn  concentrations  of  29  ±1  and  31  ±1 
at.%  (Fig.  1).  These  concentrations  should  be  in  the  SG 
region.15  Measurements  of  Tf  made  on  films  at  least  50  nm 
thick,  that  were  sputtered  alternately  with  the  multilayers, 
showed  that  Tf  was  constant  to  within  ±2  K  about  the  av¬ 
erage  during  a  single  sputtering  run. 

III.  DATA  AND  ANALYSIS 

Figure  2  shows  examples  of  magnetizations  M  vs  T  for: 
(a)  a  300  nm  thick  NiMn  film,  and  (b)  a  multilayer  with  50 
bilayers  of  NiMn/Cu  (2  nm/30  nm).  Both  samples  show  typi¬ 
cal  SG  behavior — a  peak  in  the  zero-field-cooled  (ZFC)  data 
(filled  symbols),  the  location  of  which  we  define  as  Tf,  and 
irreversibility  between  the  ZFC  and  FC  (open  symbols)  data 
below  about  T f . 

Figure  3  compares  the  ratio  TfITf  vs  fSG  for  NiMn/Cu 
multilayers  from  our  two  independent  NiMn  targets  with 
similar  data  for  CuMn(ll  at.%)/Cu  and  CuMn(14  at.%)/Cu 
multilayers.2,20  We  see  that,  although  the  NiMn  data  display 
very  similar  overall  behavior,  they  lie  slightly  above  the 
CuMn  data.  Subject  to  the  caveat  noted  above — that  we  as¬ 
sume  that  the  Cu  interlayer  does  not  perturb  the  NiMn 
data — we  conclude  that  the  variation  of  the  ratio  TfITf  with 
rSG  is  similar  for  NiMn  and  CuMn. 

This  result  leads  us  to  the  rather  surprising  conclusion 
that  FSE  in  the  quasistatic  freezing  temperature  do  not  ap¬ 
pear  to  be  sensitive  to  whether  the  dominant  interaction  be¬ 
tween  the  magnetic  impurities  in  the  SG  is  long  range  RKKY 
as  in  CuMn,  or  shorter  range  direct  exchange  as  in  NiMn. 
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The  temperature  dependence  of  the  susceptibility  x(T)  =  M(T)/H  of  Crj  _  ,Mnt(«0. 1  <x<8%  Mn) 
alloys  in  the  range  5<T<400  K  and  in  fields  up  to  55  kOe,  measured  with  a  SQUID  magnetometer, 
and  hysteresis  of  the  magnetization  M(H)  show  typical  spin-glass  (SG)  behavior.  After  zero-field 
cooling  (ZFC),  x(T)  exhibits  the  low- 7  maximum  typical  of  a  SG,  while  cooling  in  the  measuring 
field  (FC)  gives  quite  different  behavior.  In  some  cases,  when  measuring  at  low  field,  *(5  K)  is  10X 
larger  in  the  FC  state  than  in  the  ZFC  state.  The  temperature  of  the  irreversibility  limit  decreases 
with  increasing  field.  All  our  CrMn  alloys  show  nonlinear  field  dependence  of  M{H),  with 
pronounced  hysteresis  and  decay  of  the  remanent  M  with  time.  On  the  other  hand,  these  alloys 
exhibit  properties  that  are  essentially  different  from  those  of  all  other  metallic  spin  glasses.  (1)  the 
linear  scaling  law  based  on  the  RKKY  interaction  between  magnetic  impurities  in  a  typical  SG  is  not 
obeyed,  and  indeed  the  temperature  of  the  maximum  in  *(7)  is  essentially  independent  of  Mn 
concentration,  which  shows  that  formation  of  the  SG  state  does  not  depend  on  the  distance  between 
the  Mn  atoms;  (2)  the  maximum  in  *(7)  in  the  alloy  containing  only  a  trace  of  Mn  (<§0.1%)  is  at 
about  40  K,  a  temperature  at  least  an  order  of  magnitude  larger  than  that  in  CuMn  and  other  metallic 
SG  with  about  0.1%  impurity  concentration;  (3)  x(T)  obeys  a  Curie- Weiss  law  above  the  Neel 
temperature,  but  not  below,  which  shows  that  the  Mn  moment  is  frozen  in  the  spin-density-wave 
(SDW)  matrix  of  Cr.  We  propose  a  model  to  explain  this  unusual  behavior,  in  which  the  SG  state 
is  formed,  not  as  a  result  of  frustration  of  the  Mn  impurity  moments,  but  through  the  frustration  of 
the  moments  of  the  itinerant  electrons  of  the  host  Cr.  At  low  temperatures  the  frozen  Mn  moments 
pin  the  SDW,  which  gives  rise  to  frustration  surfaces  between  adjacent  domains  having  different 
phase  of  the  SDW.  This  effect  depends  only  on  the  7-dependent  interaction  between  the  Mn  moment 
and  its  neighbors,  and  thus  is  independent  of  the  Mn  concentration.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)44108-2] 
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This  work  shows  preliminary  results  on  the  study  of  FexMno.6_^Al040  alloys.  It  includes 
measurements  of  the  temperature  dependence  of  the  ac  susceptibility,  zero  field  cooled 
magnetization,  and  Mossbauer  spectroscopy.  From  the  results  obtained,  the  occurrence  of  reentrant 
spin  glass  behavior  from  a  spin  glass  phase  to  an  antiferromagnetic  one  for  0.2^x^0.35  and  from 
a  spin  glass  phase  to  a  ferromagnetic  one  for  the  x  =  0.55  sample  is  proposed.  Also,  a  normal  spin 
glass  transition  was  detected  in  the  Fe  range  corresponding  to  0.35^x^0.5.  These  results  allow  us 
to  construct  a  magnetic  phase  diagram  for  the  alloy  series.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)23408-2] 


I.  INTRODUCTION 

Previous  theoretical  results  and  experimental  works1"4 
on  the  Fe-Mn-Al  system,  in  particular  on  the  disordered  bcc 
structure  of  the  FexMn07_xAl03  (Ref.  5)  series,  proved  the 
existence  of  pure  spin  glass  and  reentrant  spin  glass  phases 
as  well  as  the  paramagnetic,  ferromagnetic,  and  antiferro¬ 
magnetic  phases.  The  competitive  ferromagnetic  and  antifer¬ 
romagnetic  exchange  interactions  together  with  the  disor¬ 
dered  structure  make  this  behavior  possible.  The  transition 
temperatures  for  the  spin  glass  phases  of  the  Fe^Mno j-xA\0  3 
alloys  are  located  below  70  K.  A  study  on  Fe0  gg^Mno  nAl* 
(Ref.  6)  alloys  showed  a  strong  dependence  of  this  transition 
temperature  on  the  aluminum  concentration.  This  series 
shows  reentrant  spin  glass  behavior  at  x  =  0.4  and  T—5 0  K. 
The  concentration  of  aluminum  cannot  be  too  high  because 
the  disordered  bcc  structure  and  the  competing  exchange  in¬ 
teractions  do  not  occur  at  higher  A1  content.  In  the  present 
work,  the  Fe^Mno^Alo^o  alloys  were  selected,  and  their 
magnetic  alternating  current  (ac)  susceptibility  measured,  to 
elucidate  the  different  transition  temperatures  which  charac¬ 
terize  the  magnetic  phase  diagram. 


II.  EXPERIMENT 

Samples  were  prepared  by  melting  pure  elements  in  an 
arc  furnace  under  argon,  homogenizing  the  casts  in  evacu¬ 
ated  sealed  quartz  tubes  for  one  week  at  1273  K  and  quench¬ 
ing  them  in  ice  water.  Fe  content  range  was  0.2^x^0.6. 
Samples  were  characterized  using  x-ray  diffraction  (XRD), 
which  showed  the  desired  bcc  disordered  structure. 

Magnetic  characterization  included  the  measurement  of 
the  temperature  dependence  of  the  ac  susceptibility,  and  of 
the  zero  field  cooled  and  low  field  cooled  magnetization.  The 
ac  susceptibility  measurements  (pressed  powder  samples) 
were  carried  out  in  a  magnetometer/susceptometer  with  an  ac 
field  of  3  Oe,  a  direct  current  (dc)  field  of  10  Oe  and  a 
frequency  of  175  Hz.  Two  temperature  ranges  5  100 

K  and  80  K=£  7^300  K  were  selected  using  liquid  helium 
and  liquid  nitrogen,  respectively.  The  magnetization  was 
measured  in  a  SQUID  magnetometer  with  a  magnetic  field  of 
50  Oe. 


III.  RESULTS  AND  DISCUSSION 

Figures  1(a)  and  1(b)  show  the  ac  susceptibility  vs  tem¬ 
perature  curves  for  5  K^T^lOO  K  and  80  K^T^300  K, 
respectively.  Well  defined  peaks  and  also  relatively  strong 
changes  of  curvature  can  be  noted  in  these  curves.  Tempera¬ 
tures  of  the  peaks  and  changes  of  curvature  for  the  different 
samples  are  reported  in  Table  I  and  are  indicated  by  arrows 
in  Fig.  1. 


TEMPERATURE  (K) 


FIG.  1.  Alternating  current  susceptibility  vs  temperature  curves  for  samples 
with  different  Fe  content  x,  (a)  for  5  K^F^lOO  K  and  (b)  for  80 
K^T^300  K. 
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TABLE  I.  Different  temperatures,  of  the  maxima  and  the  changes  of  curva¬ 
ture,  obtained  from  the  ac  susceptibility  curves  for  samples  with  different  Fe 
concentrations  *. 


Sample 

Temperatures 

x  =  0.20 

287 

*  =  0.25 

24  and  282 

*  =  0.30 

17,  120  and  167 

*  =  0.35 

30,  56  and  90 

*  =  0.40 

12  and  135 

*  =  0.45 

17  and  61 

*  =  0.50 

17 

*  =  0.55 

17  and  73 

The  magnetization  vs  temperature  curve  for  an  x  =  0.30 
sample  obtained,  using  a  SQUID  magnetometer,  by  zero 
field  cooling  in  a  field  of  50  Oe  is  similar  to  its  ac  suscepti¬ 
bility  curve.  It  can  be  noted  that  the  sample  appears  to  be 
magnetic  above  17  K.  The  magnetization  vs  temperature 
curve  for  this  sample,  using  the  SQUID  magnetometer,  by 
field  cooling  in  a  field  of  2  T  is  showed  in  Fig.  2.  It  can  be 
noted  that  there  exist  high  magnetization  values  until  high 
temperatures.  These  results  do  not  agree  with  those  obtained 
by  Mossbauer  spectroscopy.  Figure  3  shows  Mossbauer 
spectra  at  17  and  85  K  of  the  x  =  0.30  sample.  It  can  be  noted 
that  at  85  K  the  sample  appears  to  be  paramagnetic  and  at  17 
K  there  exists  a  slight  broadening  which  can  be  attributed  to 
some  magnetic  behavior. 

In  order  to  interpret  these  results  it  should  be  remem¬ 
bered  that  in  this  system  there  are  different  types  of  magnetic 
interactions  between  atoms  due  the  ferromagnetic,  antiferro¬ 
magnetic,  and  diluted  character  of  the  Fe,  Mn,  and  A1  atoms, 
respectively.  Thus,  it  is  possible  to  have  ferromagnetic  bonds 
(/FeFe),  antiferromagnetic  bonds  (/FeMn  ar>d  AinMn)  and  di¬ 
luted  bonds  (Fe,  Mn,  and  A1  with  an  A1  atom).  Recent  theo¬ 
retical  calculations7  using  the  mean  field  renormalization 
group  on  a  diluted  and  random-bond  Ising  model  yielded 
ferromagnetic  phase  (region  rich  in  Fe),  the  antiferromag¬ 
netic  phase  (region  rich  in  Mn),  spin  glass  phase  (low  tem¬ 
peratures  and  intermediate  Fe  and  Mn  contents),  and  the 
paramagnetic  phase  (high  temperatures).  The  relationship  be¬ 


2  T. 


FIG.  3.  Mossbauer  spectra  for  the  sample  with  x  =  0.30  for  T=  17  K  and 
T=  88  K. 

tween  the  exchange  parameters  also  makes  it  possible  to  de¬ 
rive  the  reentrant  spin  glass  phase  in  this  system  (see  Refs.  4 
and  7). 

According  to  the  previous  discussion  and  the  results 
shown  in  Figs.  1(b)  and  2(b)  and  Table  I,  an  experimental 
phase  diagram  shown  in  Fig.  4  for  the  Fe^Mn0  6_;cAl040  se¬ 
ries  is  proposed.  In  this  phase  diagram  an  antiferromagnetic 
phase  appears  for  0.20^x=s0.35  (rich  in  Mn),  a  ferromag¬ 
netic  phase  appears  for  0. 5 5  «=;(). 60  (rich  in  Fe),  a  pure 
spin  glass  phase  appears  for  0.35^x^0.55  (intermediate  Fe 
and  Mn  contents)  and  a  reentrant  spin  glass  phase  appears  at 
low  temperatures  below  the  antiferromagnetic  region.  A  su- 
perparamagnetic  region  above  the  spin  glass  region  and  near 
the  antiferromagnetic  one  is  proposed.  The  dashed  line  rep¬ 
resents  the  variation  of  the  blocking  temperature  with  the 
composition.  The  existence  of  this  “superparamagnetic  be¬ 
havior”  can  be  attributed  to  magnetic  clusters  of  Fe  and  Mn 
atoms  separated  by  A1  atoms  which  at  very  low  temperatures 
behave  as  a  spin  glass  and  for  at  higher  T  behave  paramag¬ 
netic,  when  the  external  field  is  zero,  as  is  shown  by  Moss¬ 
bauer  spectroscopy.  When  a  little  external  field  is  applied,  for 
ac  susceptibility  or  zero  field  cooling  magnetization  mea¬ 
surements,  the  clusters  are  aligned  and  thus  it  is  possible  to 
detect  the  blocking  temperature.  When  high  external  field  is 
applied,  for  field  cooling  magnetization  measurement,  the 
clusters  are  strongly  aligned  and  cannot  be  detected  by  the 


FIG.  4.  Proposed  magnetic  phase  diagram  according  with  ac  susceptibility 
curves. 
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transitions  temperatures  and  the  blocking  temperature,  as  can 
be  noted  in  Fig.  3.  It  is  possible  to  think  that  this  behavior  is 
due  to  a  ferromagnetic  character,  but  the  little  Fe  content 
(x^0.45)  is  not  enough  to  stabilize  this  phase  as  is  showed 
by  the  Mossbauer  spectras  in  Fig.  2,  For  alloys  rich  in  Mn, 
an  additional  antiferromagnetic  region  was  detected  which 
appears  above  the  spin  glass  region  and  below  the  superpara- 
magnetic  region  depending  on  the  Mn  concentration.  The 
existence  of  these  clusters  is  possible  remembering  the  struc¬ 
tural  disorder  of  the  alloy.  The  experimental  point  for 
jc  =  0.60,  in  the  magnetic  phase  diagram,  was  obtained  by 
Mossbauer  spectroscopy  and  is  reported  in  Ref.  1. 

Additional  research  work  is  now  in  progress  in  order  to 
take  Mossbauer  spectra  with  an  applied  external  field  to  ob¬ 
tain  a  confirmation  of  this  superparamagnetic  behavior. 
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We  determined  the  paramagnetic  critical  scattering  of  the  reentrant  ferromagnets  Au^Fe*,  with 
jc  =  0.2,  0.18,  and  0.16,  i.e.,  close  to  the  threshold  (jcc — 0.155),  below  which  ferromagnetism 
disappears  and  a  spin-glass  state  sets  in.  Following  the  Omstein-Zemicke  formalism,  we  derived 
the  inverse  critical  ferromagnetic  correlation  length  (k=^“1)  and  the  related  magnetic  susceptibility. 
The  macroscopic  susceptibility  xg=o  °f  the  samples  was  also  determined  in  a  separate  experiment 
with  a  Faraday  balance.  The  neutron  results  show  the  same  behavior  of  critical  type  with  xq=o  for 
x- 0.1 8  but  not  for  x  =  0.16.  We  interpret  this  discrepancy  as  an  indication  for  a  non- well-defined 
ferromagnetic  transition  for  x  =  0.16.  A  further  comparison  of  our  results  with  those  for  Fe  shows 
that  the  amplitude  of  the  correlation  length  increase  with  increasing  disorder  so  that,  at  the  same 
reduced  temperature  r,  the  correlations  are  much  larger  in  the  disordered  samples  than  in  Fe.  As  a 
consequence  of  this,  the  ferromagnetic  correlations  in  the  disordered  samples  persist  well  above  Tc 
and  lead  to  a  much  wider  critical  region  than  is  the  case  in  Fe  and  in  usual  ferromagnets.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)23508-9] 


INTRODUCTION 

Disordered  magnetic  systems  with  competing  interac¬ 
tions  usually  show  a  phase  diagram  characterized  by  reen¬ 
trance:  they  first  undergo  a  phase  transition  from  the  para¬ 
magnetic  state  into  a  disordered  ferro  or  antiferromagnetic 
one  at  a  critical  temperature  Tc  and  at  low  temperatures  they 
reenter  a  magnetic  state  with  spin-glass-like  properties.  This 
low  temperature  spin-glass  phase  has  been  the  subject  of 
numerous  studies  in  the  last  twenty  years,1  where  strong  con¬ 
troversies  appeared  concerning  its  nature  and  the  eventual 
presence  of  a  long  range  magnetic  order.  However,  little 
work  has  been  devoted  to  the  influence  of  the  disorder  and  of 
the  spin-glass  phase,  which  is  close  in  the  phase  diagram 
both  in  concentration  and  temperature,  to  the  phase  transition 
that  takes  place  at  Tc . 

The  above  considerations  prompted  us  to  investigate  the 
static  and  dynamic  critical  behavior  by  means  of  neutron 
scattering  of  the  archetypal  reentrant  ferromagnetic  system 
Au^Fe*  with  x  —  0.16,  0.18,  and  0.20,  i.e.,  close  to  the 
threshold  xc  =  0.155,  below  which  ferromagnetism  disap¬ 
pears  and  spin-glass  behavior  sets  in.2 

The  quasielastic  neutron  scattering  results  on  Au0  84Fe0 16 
and  Au0  82Fe018  and  the  analysis  of  the  critical  paramagnetic 
scattering  of  Au0  84Fe0 16  were  presented  elsewhere.3,4  Here 
we  analyze  the  critical  paramagnetic  small  angle  neutron 
scattering  (SANS)  of  Au082Fe0 18  and  of  Au0  80Fe020  and  de¬ 
duce  the  inverse  correlation  length  k= £~l  and  the  related 
critical  exponents  v.  By  comparing  the  SANS  results  to  the 
macroscopic  volumic  susceptibility,  we  determine  for 


a)Present  address:  CERT,  2,  avenue  E.  Belin,  31055  Toulouse,  France. 


Au0.g2Fe0.i8  and  Au0  84Fe0  16  the  dipolar  wave  vector  qD  and 
the  SANS  susceptibility.  The  qualitative  agreement  between 
the  macroscopic  and  the  SANS  susceptibility  is  a  strong  in¬ 
dication  in  favor  of  a  well-defined  ferromagnetic  transition 
forjc^0.18.  However,  for  jt^O.16,  the  SANS  susceptibility 
is  qualitatively  different  from  the  macroscopic  one.  We  inter¬ 
pret  this  discrepancy  as  an  indication  of  the  breakdown  of 
the  ferromagnetic  phase  transition  in  the  vicinity  of  the  per¬ 
colation  threshold. 

SANS  RESULTS 

Our  samples  were  polycrystalline  discs  prepared  by  arc 
melting  of  the  constituents  as  described  elsewhere.3  Their 
homogeneity  was  tested  by  microprobe  analysis  and  mag¬ 
netic  susceptibility  measurements  with  a  Faraday  balance. 

The  SANS  experiments  were  done  with  polarized  neu¬ 
trons  at  the  neutron  spin  echo  spectrometer  of  the  LLB 
(Saclay).  The  neutron  wavelength  was  6  A  and  the  q  resolu¬ 
tion  of  spectrometer  was  equal  to  9X10”3  A-1. 

The  transition  temperatures  were  determined  from  the 
peaks  of  the  critical  scattering  of  a  depolarized  neutron 
beam.  The  measurements  were  done  at  the  lowest  q  value, 
which  was  equal  to  1.8X10-2  A-1.  We  found  Tc~  140  and 
180  K  for  Au0  82Fe0  18  and  Au0.8oFe0.2o>  respectively.  The 
SANS  peaks  were  not  sharp  and  we  estimate  the  uncertainty 
in  the  determination  of  the  critical  temperature  to  be  of  the 
order  of  one  degree.  As  in  Ref.  4  this  does  not  affect  our 
analysis  because  the  data  vary  smoothly  with  the  tempera¬ 
ture. 

Three-directional  neutron  polarization  analysis5  was 
used  to  separate  the  magnetic  scattering  from  the  structural 
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FIG.  1.  Log-log  plot  of  the  inverse  correlation  length  k  vs  the  reduced 
temperature  for  *  =  0.20  (open  circles),  *  =  0.18  (open  squares),  *  =  0.16 
(closed  squares)  and  Fe  (k=1.22i°-69).  The  solid  lines  represent  the  power 
law  fits  for  *  =  0.20  and  *  =  0.18  given  in  the  text.  The  characteristic  tem¬ 
peratures  are:  Tc=  180,  140,  and  93  K  for  *  =  0.20,  0.18,  and  0.16,  respec¬ 
tively  and  Tc=  1043  K  for  Fe. 


small  angle  contribution.  The  magnitude  of  the  magnetic 
guide  field  at  the  sample  was  equal  to  4  Oe.  The  measure¬ 
ments  covered  the  following  temperature  and  q  ranges:  203.5 
1073=184.6  K  for  x=0.20,  159.6  K>  73=141/7  K  for 
x=0.18,  and  for  both  samples  1.8X10  2  A 
7.3X10-2  A-1. 

The  q  dependence  of  the  SANS  intensity  Iq{T)  was  ana¬ 
lyzed  using  the  Omstein-Zemicke  formalism,  which  ne¬ 
glects  the  Fisher  exponent  rj  at  T>TC: 

Iq{T)'XXq{T)= 

with 


(cgs  units),  where  \q  >s  the  9 -dependent  volume  magnetic 
susceptibility  and  qD  is  the  dipolar  wave  vector. 

Figure  1  shows  on  a  log-log  scale  the  k  values  for  both 
the  x-  0.1 8  and  0.20  samples,  as  a  function  of  the  reduced 
temperature  (T-Tc)/Tc.  This  figure  also  includes  the  data 
of  Au0,g4Fe0  j6  (Ref.  4)  and  Fe  (Ref.  6). 

According  to  the  predictions  of  static  scaling  (the  Fisher 
exponent  77  is  neglected), 

k=k0  t”  and  xq=o=XoT~y 

with 

t=(T—Tc)ITc,  v=2y.  (2) 

In  three-dimensional  Heisenberg  systems  v=0.69.  For  both 
Au0  80Fe02o  and  Au0.82Fe0 18,  k  is  proportional  to  r  with 
/c0=0.53  A-1  for  Au080Fe0.2o  and  ko“0.40  A”1  for 
Auo.82Feo.i8-  We  deduce  v=  1±0.1,  where  the  estimated  error 
in  the  value  of  v  is  mainly  due  to  the  uncertainty  in  the 
determination  of  the  Curie  temperatures. 

The  high  value  for  the  exponent  v  agrees  with  previous 
findings  on  Au083Fe0  i7  (Ref.  7)  and  on  other  disordered 
systems8,9  but  is  not  confirmed  by  Au084Fe0 16,  which  is  the 


FIG.  2.  Zfc  (open  squares)  and  fc  (open  circles)  volumic  susceptibility  of 
Au084Fe016  measured  with  a  Faraday  balance  at  H=4  Oe,  as  a  function  of 
the  temperature.  The  open  triangles  represent  the  SANS  susceptibility  de¬ 
rived  by  Eqs.  (1)  and  (3).  The  solid  lines  are  guides  to  the  eye. 


most  disordered  of  our  samples.  As  seen  in  Fig.  1,  the  varia¬ 
tion  of  k(t)  is  slower  in  Au084Fe0.i6  than  in  the  other 
samples. 

At  the  same  value  of  the  reduced  temperature  r,  the  in¬ 
verse  correlation  length  k  is  significantly  smaller  in  all 
AUi_xFe*  samples  than  in  Fe.  At  r=0.01,  the  correlation 
length  of  Au0  82Fe0 18  is  12.5  times  larger  than  that  of  Fe  and 
the  correlated  volumes  contain  some  350  times  more  Fe  ions 
in  Au0  82Fe0.i8  than  in  pure  Fe.  This  astonishing  influence  of 
the  disorder  on  the  correlations  was  first  seen  in  Au0  84Fe0 16 
(Ref.  4)  and  is  confirmed  by  our  susceptibility  measure¬ 
ments. 


SUSCEPTIBILITY  RESULTS 

The  susceptibility  of  Au084Fe0 16  and  Au082Fe0 18  was 
measured  with  the  Faraday  method  on  the  samples  used  for 
neutron  scattering.  The  samples  were  first  either  zero  field 
cooled  (zfc)  or  field  cooled  (fc)  down  to  4  K.  The  suscepti¬ 
bility  was  then  recorded  by  increasing  the  temperature.  The 
magnetic  field  was  equal  to  1.33  Oe,  4  Oe,  the  magnetic 
guide  field  of  the  SANS  experiments,  and  12  Oe.  At  all  tem¬ 
peratures  covered  by  the  SANS  experiments  the  magnetiza¬ 
tion  was  linear  to  the  magnetic  field  and  the  absolute  value  of 
the  volume  initial  susceptibility  xq=o(T)  could  be  directly 
determined  from  the  Faraday  method.  For  the  demagnetizing 
field  correction  we  assumed  N—  1.102 X  10  2,  the  factor  cal¬ 
culated  for  a  prolate  ellipsoid  with  m  =  70  (ratio  diameter/ 
thickness  of  the  samples).10  Figures  2  and  3  show  the  volu¬ 
mic  susceptibility  above  Tc  measured  at  4  Oe  for  .*  =  0.16 
and  0.18,  respectively. 

The  relation  between  the  volumic  susceptibility  and  the 
SANS  results  is  given  by  the  q  =  0  limit  of  (1): 
Xq=Q  —  ((?£>/  /r)2/47T.  The  numerical  value  of  qD  can  therefore 
be  determined  from  the  proportionality  factor  between  xq= o 
and  /c-2,  therefore,  qD- k  at  the  temperature  where 
Xq=o=  1/47T.  We  found  ^D=0.041  A"1  for  *  =  0.18  and 
qD  =  0.05  A’1  for  *  =  0.16.  These  values  are  very  close  to 
qD~ 0.045  A”1,  the  value  found  in  Fe  (Ref.  11). 
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FIG.  3.  Zfc  (open  squares)  and  fc  (open  circles)  volumic  susceptibility  of 
Auo.g2Feo.i8  measured  with  a  Faraday  balance  at  H—A  Oe,  vs  the  reduced 
temperature.  The  open  triangles  represent  the  SANS  susceptibility  derived 
by  Eqs.  (1)  and  (3).  The  solid  line  represent  the  power  law  with  y=  2  (see 
text).  The  results  on  Fe  are  also  included  (*=1.35  10~4  r-1-33). 

Having  determined  the  proportionality  factor  between 
Xq=o  aRd  k~ 2  we  could  compare  the  SANS  susceptibility  to 
the  macroscopic  one.  The  result  is  shown  in  Figs.  2  and  3  for 
*=0.16  and  0.18,  respectively. 

As  seen  in  Fig.  3,  the  agreement  between  the  Faraday 
and  the  SANS  susceptibilities  is  excellent  for  jc  =  0.18.  On 
the  other  hand,  for  x  —  0.16,  the  neutron  susceptibility  is  sys¬ 
tematically  lower  than  the  bulk  one  and  the  discrepancy  be¬ 
tween  the  two  curves  increases  when  the  temperature  de¬ 
creases  (Fig.  2). 

DISCUSSION 

The  behavior  of  Au084Fe0  16  is  qualitatively  different 
from  that  of  the  other  two  samples,  which  are  more  concen¬ 
trated  in  Fe.  In  Au0  84Fe0 16,  at  and  above  Tc ,  the  spin  relax¬ 
ation  rate  T  is  proportional  to  q 2  (Ref.  3),  although,  in 
Auo.g2Feo.i8  (Ref-  3)  and  in  Fe  (Ref.  6),  T<xq512  as  expected 
for  Heisenberg  ferromagnets  (Ref.  12). 

The  analysis  of  the  paramagnetic  SANS  of  Au084Fe0 16 
under  the  assumption  of  a  ferromagnetic  phase  transition 
leads  to  i>~0.69  (Ref.  4)  although  v=l  for  x  =  0.1 8  and  0.20. 
Also  the  SANS  susceptibility  deduced  in  the  frame  of  this 
analysis  is  not  consistent  with  the  volumic  susceptibility 
measured  on  the  same  sample  with  the  Faraday  method. 

In  the  light  of  these  results  we  have  to  assume  that  there 
is  no  well-defined  ferromagnetic  phase  transition  for 
x=0.16.  This  assumption  explains  the  nonconventional  (for 
ferromagnets)  q  dependence  of  the  spin-relaxation  rate  T,  the 
strong  q  dependence  of  Tc  reported  in  Ref.  4,  the  low  value 
of  the  exponent  v  as  well  as  the  inconsistency  between  the 
SANS  and  the  Faraday  susceptibility.  This  inconsistency  in¬ 
dicates  that  the  q  dependence  of  Iq  is  not  described  by  the 
Omstein-Zemicke  formalism.  As  seen  in  Fig.  2,  the  bulk 
susceptibility  is  much  higher  than  the  SANS  one,  which  im¬ 
plies  that  the  increase  of  Iq  when  q  is  decreased  is  faster  than 
predicted  by  Eq.  (1).  A  similar  behavior  was  observed  on  the 
spin-glass  Au087Fe0 13  (Ref.  7),  where  the  1  Hq  vs  q1  plots 
(Omstein-Zemicke  plots)  show  a  marqued  downward  curva¬ 
ture.  In  Au0i87Fe0ii3  this  effect  was  easily  seen  in  the  q  range 


covered  by  the  present  measurements.  In  Au0  84Fe0 16,  the 
deviations  from  the  Omstein-Zemicke  formalism  were  not 
significant.  We  therefore  expect  these  deviations  to  become 
noticeable  at  q  <0.02  A-1. 

The  qualitative  agreement  between  the  SANS  and  the 
Faraday  susceptibility  in  Auo.82Feo.i8  is  a  strong  argument  in 
favor  of  a  well-defined  ferromagnetic  phase  transition.  In  the 
light  of  the  SANS  results  on  Au0  83Fe0 17  (Ref.  7)  it  is  rea¬ 
sonable  to  assume  that  a  ferromagnetic  phase  transition  ex¬ 
ists  for  x^0.17. 

The  phase  transition  that  takes  place  in  Au0  82Fe0 18  is 
characterized  by  different  exponents  than  those  found  in  Fe 
and  more  generally  in  nondisordered  3D  Heisenberg  sys¬ 
tems.  This  is  seen  in  Fig.  1  but  also  in  Fig.  3.  From  these 
plots,  we  deduce  v=\  and  y=  2  instead  of  the  expected 
p=0.69  and  y=1.38. 

Figures  1  and  3  give  a  consistent  picture  of  the  specific 
features  of  the  phase  transition  in  the  disordered  ferromag¬ 
netic  system  Aua82Feai8.  Not  only  are  the  exponents  differ¬ 
ent  but  also  the  critical  amplitudes:  at  the  same  reduced  tem¬ 
perature  the  correlation  length  and  the  magnetic 
susceptibility  are  much  higher  in  the  disordered  system  than 
in  Fe. 

Recent  results  on  the  insulating  system 
CdCr2(i  _x)ln2xS4  (Ref.  9)  confirmed  the  existence  of  larger 
critical  amplitudes  £o(=*o  l)  *n  disordered  systems  than  in 
usual  ferromagnets.  In  Fig.  1  we  see  that  k0  decreases  when 
the  disorder  in  increased,  which  implies  that  £0  increases 
with  disorder.  As  a  consequence  of  the  large  critical  ampli¬ 
tudes  £o(”Ko  !)  ferromagnetic  correlations  in  Au082Fe0 18 
and  Au0.8oFe0.2o  persist  well  above  Tc  and  lead  to  a  much 
wider  critical  region  than  in  Fe  and  in  usual  ferromagnets. 
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Neutron  depolarization  study  of  magnetic  order  in  a- FexZr100_x  (x=90-93), 
a-Fe90Sc10  and  their  hydrides 
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Neutron  depolarization  measurements  have  been  used  to  show  that  ferromagnetic  domains  exist  in 
a-¥txZxm_x  alloys  for  90^jc^93,  and  that  these  domains  are  not  affected  by  the  ordering  of 
transverse  spin  components  at  Txy .  Domain  sizes  decrease  from  1 . 1  jam  at  x  —  90,  to  0.08  /nm  by 
x=93.  Measurements  in  an  applied  field  set  an  upper  limit  of  —50  nm  for  correlations  in  the 
transverse  components.  By  contrast,  <3-Fe90Sc10  shows  no  evidence  of  ferromagnetic  order  and  is 
confirmed  to  be  a  spin  glass.  Measurements  on  deuterium-loaded  samples  show  that  all  of  the 
a-Fe-Zr  and  a-Fe-Sc  alloys  studied  here  are  ferromagnetic  with  Tf  s  in  the  range  380-400  K,  and 
domains  —1  /am  in  size.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)23608-5] 


INTRODUCTION 

Amorphous  iron  rich  alloys  of  the  form  a-Fe^ETM^o^ 
(where  ETM=Sc,  Y,  Zr,  Hf,  and  x— 90)  provide  a  rich  test¬ 
ing  ground  for  models  of  magnetic  order  in  the  presence  of 
exchange  frustration  as  their  behavior  spans  the  full  range  of 
possibilities  from  ferromagnet  to  spin  glass  with  increasing 
frustration.  Two  magnetic  transitions  are  observed  in  par¬ 
tially  frustrated  systems,  the  first,  at  Tc ,  to  a  collinear  ferro¬ 
magnetic  state,  followed  at  Txy  by  the  ordering  of  transverse 
spin  components.1  Earlier  neutron  depolarization  work  on 
fl-FeJCZr100_JC  (jc  =  90~92)2  confirmed  the  presence  of  ferro¬ 
magnetic  order  and  found  large  domains  for  x^91,  but  only 
weak  correlations  for  x-92.  However,  magnetization  and 
Mossbauer  measurements  suggest  that  significant  ferromag¬ 
netic  order  persists  to  jc  =  93.1’3  Our  aim  here  is  to  extend  the 
neutron  depolarization  data  to  jc=93,  to  look  for  possible 
long-range  order  in  the  transverse  spin  components,  and  to 
confirm  that  the  ordering  at  Txy  does  not  destroy  the  ferro¬ 
magnetic  order  that  develops  at  Tc . 

For  comparison,  we  have  studied  a-Fe90Sc10,  which  is 
fully  frustrated  and  exhibits  a  single  transition  to  a  spin  glass 
state  with  no  spontaneous  magnetization,1,4"6  although  a 
large  magnetization  is  readily  induced  by  the  application  of  a 
modest  field  (—1  T).  Since  there  should  be  no  long-ranged 
correlations  in  a  spin  glass,  we  expect  no  depolarization  from 
this  material,  and  it  serves  in  part  as  an  internal  test  of  our 
procedures. 

Finally,  we  have  also  investigated  the  hydrides  of  these 
alloys.  The  lattice  expansion  associated  with  the  absorption 
of  hydrogen  lifts  the  exchange  frustration  in  both  a-Fe-Zr 
(Ref.  3)  and  a-Fe-Sc  (Ref.  4)  converting  them  to  soft  ferro- 
magnets  with  ordering  temperatures  —400  K.  However,  it 
has  been  suggested  that  a-Fe-Sc-H  may  remain  a  spin 
glass,6  and  depolarization  measurements  provide  a  direct 
way  to  check  for  this  possibility. 


a)On  leave  from  Centre  for  the  Physics  of  Materials  and  Department  of 
Physics,  McGill  University,  3600  University  St.,  Montreal,  Quebec, 
Canada. 


EXPERIMENTAL  METHODS 

The  alloys  were  prepared  by  arc-melting  appropriate  ra¬ 
tios  of  the  pure  elements  (Fe:  99.95%,  Zr:  99.8%,  and  Sc: 
99.9%  pure)  under  Ti-gettered  argon  to  yield  —2  g  ingots. 
Melt  spinning  was  carried  out  under  a  partial  pressure  of 
helium  onto  a  copper  wheel  at  50  m/s.  Ribbons  were  typi¬ 
cally  1  mm  wide,  20  ^am  thick,  and  several  meters  long. 
Thickness  variations  along  the  samples  used  for  the  depolar¬ 
ization  measurements  were  found  to  be  less  than  ±1  fim. 
Absence  of  crystallinity  was  confirmed  using  Cu-Ka  powder 
x-ray  diffraction  and  room  temperature  Mossbauer  spectros¬ 
copy.  A  LakeShore  susceptibility  system  with  a  closed-cycle 
fridge  was  used  to  record  *ac  vs  T  down  to  12  K.  The 
samples  were  saturated  with  deuterium  using  an  electrolytic 
charging  method7  and  final  deuterium  contents  were  deter¬ 
mined  from  the  mass  loss  on  heating  to  300  °C  in  a  Perkin- 
Elmer  TGA-7  Thermogravimetric  analyzer.  This  instrument 
was  also  used  to  determine  the  magnetic  ordering  tempera¬ 
ture  of  the  deuterides  by  operating  with  a  small  field  gradient 
applied.  The  TGA  was  calibrated  using  alumel  and  nickel 
standards. 

The  neutron  depolarization  measurements  were  carried 
out  on  the  long  wavelength  polarized  neutron  spectrometer 
(LONGPOL)  at  the  High  Flux  Australian  Reactor  (HIFAR) 
operated  by  the  Australian  Nuclear  Science  and  Technology 
Organisation  (ANSTO).  The  incident  beam,  with  a  wave¬ 
length  of  0.36  nm,  is  polarized  vertically  by  scattering  from 
saturated  poly  crystalline  iron  sheets.  A  similar  arrangement 
is  used  as  an  analyzer.  Typical  beam  polarizations  were  in  the 
range  32%-36%.  The  instrument  has  been  described  in  more 
detail  elsewhere.8  A  cadmium  plate  with  a  5  mmX5  mm 
square  hole  served  as  the  sample  holder.  Several  ribbons 
were  laid  side-by-side  to  cover  the  opening,  with  Cd  wire 
covering  the  gaps  between  ribbons.  One  to  four  layers  of 
ribbon  were  used,  depending  on  the  depolarization  expected. 
The  holder  was  mounted  on  the  cold  stage  of  a  closed-cycle 
fridge  which  operates  down  to  12  K.  An  air-cooled  electro¬ 
magnet  was  used  to  apply  fields  of  up  to  80  mT  in  the  sample 
plane,  perpendicular  to  both  the  beam  and  the  incident  po¬ 
larization. 
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tf-Fe90Sc10  (bottom)  measured  in  a  guide  field  of  1  mT,  Solid  lines  are  fits 
assuming  a  temperature  independent  domain  size.  Notice  that  the  <2-Fe9oSc10 
sample  does  not  affect  the  beam  polarization  at  any  temperature. 

RESULTS  AND  DISCUSSION 

On  passing  through  a  uniformly  magnetized  region  such 
as  a  domain,  the  neutron  moment  experiences  a  torque  which 
causes  it  to  precess  about  the  magnetization  direction.  The 
total  rotation  increases  with  the  internal  magnetization,  the 
thickness  of  the  domain,  and  the  wavelength  of  the  neutron. 
If  the  neutron  now  passes  through  many  such  domains  it  will 
undergo  many  rotations.  If  the  magnetization  direction 
within  each  domain  can  be  assumed  to  be  a  random  vector, 
and  the  angle  through  which  the  neutron  moment  turns  in 
each  domain  is  <2i r,  then  the  initial  polarization  is 
scrambled  and  decays  according  to:9 

P  =  exp(—aA2)  (1) 

with 

a=\c2{B\)dS ,  (2) 

where  \  is  the  neutron  wavelength,  (B\)  is  the  mean  square 
domain  magnetization  perpendicular  to  the  neutron  polariza¬ 
tion,  d  is  the  sample  thickness,  and  3  is  the  mean  domain 
size,  c  is  a  constant  which  takes  the  value  4.63  X1014 
m”2  T-1  in  S.I.  units. 

The  depolarization  signals  for  all  of  the  samples  studied 
here  are  shown  in  Fig.  1 .  It  is  immediately  apparent  that  all 
of  the  a- Fe-Zr  alloys  cause  a  significant  depolarization  of 
the  beam  below  their  respective  Tc* s,  confirming  the  pres¬ 
ence  of  ferromagnetic  order.  The  depolarization  weakens 
with  increasing  iron  content  as  the  exchange  frustration 
builds  up  and  the  system  moves  closer  to  becoming  a  spin 
glass.  However,  even  at  x  —  93,  (shown  in  the  lower  half  of 
Fig.  1  on  an  expanded  scale)  there  is  some  loss  of  polariza¬ 
tion.  By  contrast,  a-Fe90Sc10  has  no  effect  on  the  beam  at  any 
temperature,  consistent  with  the  spin  glass  nature  of  the  or- 
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TABLE  I.  Summary  of  fitted  parameters  from  data  shown  in  Figs.  1  and  3. 
Tc(x)  and  Tc(ndep)  are  ordering  temperatures  derived  from  bulk  and  depo¬ 
larization  measurements,  respectively.  S  is  the  mean  domain  size.  *  Note: 
tf-Fe90Sc10  is  a  spin  glass,  so  the  value  for  Tc  given  here  is  for  Tsg. 


Alloy 

TC(X) 

K 

Tc(ndep) 

K 

S 

fim 

Fe90Zrio 

240  ±3 

232±4 

1 . 1  ±0.2 

Fe92Zr8 

182±2 

176±1 

1.16±0.07 

Fe92Zr8Di3±2 

376±3 

362±10 

1.4±0.1 

Fe93Zr7 

145±2 

150±5 

0.077  ±0.006 

Fe93Zr7Di7±2 

372±3 

359±6 

0.90±0.05 

Fe90Sc10 

95* 

0.0 

Fe90Sc10D28±o.5 

395±5 

390±40 

1.0±0.1 

der  in  this  alloy  and  the  absence  of  any  ferromagnetic  corre¬ 
lations.  If  we  assume  that  the  domains,  once  formed,  do  not 
change  size,  then  the  observed  temperature  dependence  of 
the  polarization  must  result  from  the  normal  change  in  spon¬ 
taneous  magnetization  with  temperature.  Taking  the  esti¬ 
mated  magnetization  from  Ref.  1,  and  assuming  a  simple 
mean-field  temperature  dependence,  then  the  data  in  Fig.  1 
can  be  fitted  to  Eq.  (1)  to  obtain  domain  sizes  and  ordering 
temperatures.  These  fits  (shown  as  solid  lines  on  Fig.  1,  and 
summarized  in  Table  I)  show  that  large  domains  persist  to 
x  —  92  but  that  beyond  this  point  there  is  a  very  rapid  reduc¬ 
tion  in  domain  size.  It  is  not  clear  that  the  80  nm  regions 
suggested  by  the  fit  to  the  x  =  93  sample  are  large  enough  to 
justify  the  use  of  the  term  “domain”  but  it  is  clear  that  some 
ferromagnetic  correlations  are  present  in  this  material,  and 
that  they  are  not  affected  by  the  ordering  of  the  transverse 
spin  components  at  Txy~  80  K.1 

The  main  difference  between  the  results  presented  here 
and  those  of  Hadjoudj  et  al,2  is  that  we  observe  a  strong 
depolarization  even  at  x  =  92  and  only  the  x=93  sample 
shows  a  weak  effect.  However,  examination  of  the  transition 
temperatures  shown  in  Ref.  2  allows  us  to  bring  the  two  sets 
of  data  into  agreement.  Tc  in  a-¥zxZrm„x  is  a  very  strong 
function  of  x,  decreasing  at  ~25  K/at.%,1’3  and  thus  provides 
a  sensitive  check  on  sample  composition.  Using  this  scale,  it 
is  clear  that  their  x=90  and  91  samples  are  consistent  with 
typical  values,  but  the  Tc  of  their  x  =  92  sample  is  below 
150  K,  a  value  more  often  associated  with  x  — 93.  With  this 
modified  composition,  our  data  and  those  of  Ref.  2  are  in  full 
agreement. 

At  Tc  a  ferromagnetic  state  forms  with  a  substantial  frac¬ 
tion  of  each  moment  oriented  perpendicular  to  the  ordering 
axis.  The  moments  precess  rapidly  about  the  ferromagnetic, 
z,  axis,  so  that  the  xy  components  time  average  to  zero,  and 
the  system  appears  to  be  a  collinear  ferromagnet.  The  second 
transition  in  a -Fe-Zr  is  associated  with  the  freezing  of  the 
transverse  degrees  of  freedom,  and  as  noted  above,  does  not 
lead  to  a  destruction  of  the  ferromagnetic  order.  Since  the 
average  magnetization  does  not  increase  at  Txy ,  the  xy  com¬ 
ponents  cannot  be  correlated  over  substantial  distances,  but 
no  limits  have  yet  been  placed  on  their  correlation  length. 
Since  the  neutrons  are  only  sensitive  to  B±  we  can  eliminate 
the  ferromagnetic  contribution  to  the  depolarization  signal  by 
magnetizing  the  sample  parallel  to  the  neutron  polarization 
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FIG.  2.  Normalized  depolarization  signal  for  a-Fe^Zr^-,,.  measured  in  a 
guide  field  of  80  mT.  The  1  mT  data  for  tf-Fe93Zr7  showing  a  4%  depolar¬ 
ization  of  the  incident  beam  are  repeated  for  comparison.  Dashed  lines  in¬ 
dicate  the  base  polarization  of  the  beam. 


direction.  A  simple  ferromagnet  would  then  not  depolarize 
the  beam  even  below  Tc  .  In  the  absence  of  the  ferromagnetic 
contribution,  any  correlations  in  the  transverse  components 
should  appear  as  a  loss  of  polarization  around  Txy .  However, 
Fig.  2  shows  that  while  there  is  some  residual  effect  from  the 
imperfect  alignment  obtained  in  the  80  mT  field  available,  no 
change  can  be  seen  in  either  the  x  =  92,  Txy  =  46  K,  or  the 
x  =  93,  Txy  =  18  K  (Ref.  1)  samples.  Since  the  change  in  po¬ 
larization  is  much  smaller  than  that  seen  for  the  ferromag¬ 
netic  component  of  the  jc=93  sample,  we  are  able  to  rule  out 
correlations  in  the  transverse  spin  components  longer  than 
about  half  of  the  80  nm  length  scale  seen  there. 

Hydrogen  loading  is  known  to  convert  these  alloys  into 
soft  ferromagnets,3’4  and  the  depolarization  behavior  of  the 
deuterium  loaded  samples  shown  in  Fig.  3  is  as  expected. 
TGA  analysis  confirmed  that  they  had  ordering  temperatures 
well  above  room  temperature,  although  the  values  obtained 
are  only  lower  limits  as  the  samples  lose  deuterium  rapidly 
as  Tc  is  approached.  Neutron  depolarization  shows  that  all  of 
the  deuterides  are  ferromagnetic,  and  fits  to  the  curves  yield 
ordering  temperatures  in  agreement  with  the  TGA  data.  Val¬ 
ues  for  domain  sizes  and  ordering  temperatures  are  summa¬ 
rized  in  Table  I.  The  data  for  a-Fe9oSc1()D28  show  that  it 


FIG.  3.  Normalized  depolarization  signal  for  a-¥txZrm-xT>y  and 
a-Fe90Sc10D28  measured  in  a  guide  field  of  1  mT.  Solid  lines  are  fits  assum¬ 
ing  a  temperature  independent  domain  size. 

depolarized  the  beam  more  strongly  than  the  two  Zr  samples, 
leaving  no  doubt  that  this  material  is  ferromagnetic.  It  is  not 
clear  why  no  critical  peaks  were  observed  in  the  susceptibil¬ 
ity  of  a  similar  sample.6 
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We  have  performed  ac  susceptibility  and  dc  magnetization  measurements  on  the  diluted  magnetic 
semiconductor  Zn^Mn/Te.  The  measurements  clearly  indicate  spin  glass  behavior.  For  an  x  =  0.4 
sample,  the  data  for  the  imaginary  part  of  the  complex  susceptibility  (Y)  was  analyzed  according  to 
conventional  power-law  dynamics  and  good  scaling  was  obtained  with  rc=  13.4±0.2  K ,  zv 
~  10.5  ±  1.0,  and  f}=  0.9  ±0.2.  These  values  of  zv  and  fi  are  consistent  with  results  obtained  in  other 
spin  glass  systems.  The  scaling  of  the  Y  data  was  not  as  good  when  analyzed  within  the  activated 
dynamics  model.  Magnetization  measurements  of  an  x  =  0.5  sample  also  showed  a  spin  glass-like 
transition.  Scaling  of  the  nonlinear  magnetization  just  above  the  transition  gave  Tc  =  20.8  ±  0.2  K, 
and  the  critical  exponent  values  /3=0.8±0.2  and  y=4.0±1.0.  This  confirms  the  (3  value  obtained 
from  the  ac  measurements  and  the  y  value  is  in  fair  agreement  with  reported  values  for  other  diluted 
magnetic  semiconductor  spin  glass  systems.  We  conclude  that  Zn^Mn^Te  and  similar  systems 
undergo  equilibrium  phase  transitions  to  a  spin  glass  state  at  low  temperatures.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)23708-6] 


I.  INTRODUCTION 

Diluted  magnetic  semiconductors  (DMSs)  are  a  class  of 
randomly  disordered,  insulating  Heisenberg  antiferromagnets 
with  short-range  interactions. 1-3  Recently,  the  archetypal 
DMS  Cdi-^Mn^Te  has  been  the  subject  of  continued  theo¬ 
retical  and  experimental  investigations  in  an  attempt  to 
firmly  establish  that  this  material  undergoes  a  continuous 
phase  transition  to  a  spin  glass  state  4-12  If  Cd^^Mn^Te  is  a 
spin  glass,  then  one  is  led  to  the  question:  Are  all  DMS 
alloys  spin  glasses  with  the  same  critical  exponents?  The  aim 
of  this  article  is  to  shed  some  light  on  this  question. 

Recent  studies  of  the  ac  susceptibility  ^ac  in 
Cdj-^Mn/Te  and  Hgi-^Mn^Te  show  that  these  materials 
have  zero-frequency  transition  temperatures  Tc  which  are 
>0  K.6’8  These  data  also  indicate  that  the  spin  relaxation 
time  is  a  power  law  function  of  the  reduced  temperature  e 
=  (T-TC)/TC .  This  behavior  (critical  slowing  down)  has 
been  found  to  give  a  better  description  of  the  dynamics  in  the 
critical  region  above  Tc  than  a  process  of  thermal  activation 
over  free  energy  barriers  4,6,7  These  findings  indicate  that  an 
equilibrium  phase  transition  to  a  spin  glass  state  exists  at 
finite  temperatures  in  Cdj  _YMnvTe  and  Hg^.Mn^Te.  Fur¬ 
ther,  virtually  identical  critical  exponents  were  obtained  in 
both  materials,  which  led  to  the  speculation  that  all  DMS 
alloys  belong  to  the  same  spin  glass  universality  class. 

To  further  test  this  hypothesis,  we  have  made  ac  suscep¬ 
tibility  and  dc  magnetization  measurements  on 
Zn^Mn^Te  alloys  close  to  the  spin  freezing  transition.  The 
ac  susceptibility  Xac  was  measured  for  frequencies  80 
Hz^/^2300  Hz.  Both  power-law  and  activated  scaling 
analyses  were  applied  to  the  data  in  order  to  determine  which 
theory  provides  the  better  description  of  the  behavior  in  the 
vicinity  of  the  transition.  Nonlinear  magnetization  data  were 
also  collected  in  the  region  of  the  transition  in  order  to  com¬ 


pare  the  static  scaling  behavior  of  Zn^^Mn^Te  with  that 
Cd^Mn/Te. 

II.  EXPERIMENTAL  DETAILS 

The  ac  susceptibility  measurements  were  performed  on  a 
single-crystal  sample  of  Znj_xMnxTe,  with  concentration 
x  =  0.41.  The  measurements  were  carried  out  with  a  Lake- 
Shore  susceptometer.  Both  in-phase  (Y)  and  out-of-phase 
(Y)  components  were  measured  in  an  ac  field  of  12.5  Oe. 
For  each  measurement,  the  temperature  was  kept  stable  to 
within  0.02  K. 

The  magnetization  measurements  were  made  on  another 
single-crystal  sample  of  Zn^Mn/Te,  with  *  =  0.506.  These 
measurements  were  made  with  a  Cryogenic  Consultants 
Limited  superconducting  quantum  interference  device  mag¬ 
netometer.  Measurements  were  taken  for  fields  between  0 
and  100  G  and  for  temperatures  between  5  and  300  K.  Tem¬ 
perature  stability  was  achieved  to  within  0.01  K. 

III.  RESULTS  AND  DISCUSSION 

The  dynamics  of  the  transition  are  most  sensitively 
probed  by  the  measurement  and  analysis  of  Y'(cu,7).7  Fig¬ 
ure  1  shows  for  several  different  frequencies.  There 

is  scatter  in  the  data  because  of  the  relatively  small  out-of- 
phase  signal.  Smoothing  curves  were  therefore  drawn 
through  the  data  points  to  enable  us  to  objectively  determine 
the  positions  of  the  peaks,  which  are  needed  for  the  data 
analysis.  An  examination  of  the  behavior  of  x”(<*>>T)  allows 
us  to  discern  whether  critical  slowing  down  or  activated  dy¬ 
namics  provides  a  better  description  of  the  dynamical  char¬ 
acteristics  of  the  freezing  transition  in  DMS  systems. 

In  the  critical  slowing  down  description,  be- 

haves  according  to  the  scaling  law7,13 
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FIG.  1.  Temperature  dependence  of  near  the  freezing  transition.  The  lines  FIG.  2.  Power  law  scaling  of  according  to  Eq.  (1)  in  the  text.  The 

through  the  data  are  smoothing  curves  which  enable  the  positions  of  the  best-fit  values  of  Tc  and  the  scaling  exponents  zv  and  f3  are  also  shown, 
peaks  to  be  reliably  ascertained. 


TX,,(cotT)  =  e^F(a)€-zv),  (1) 

where  f3  is  the  critical  exponent  for  the  order  parameter  and 
F(y)  is  a  universal  function  of  y.  Bertrand  et  al  have  argued 
that  the  scaling  relation  Eq.  (1)  is  only  valid  for  temperatures 
T  >  Tp,  where  Tp  is  the  temperature  at  which  the  peak  in 
)l\(x)J)  occurs.9  We  have  taken  this  criterion  into  account  in 
our  analysis  of  all  the  ;/'(&>, 7)  data,  which  are  shown  in 
scaled  form  in  Fig.  3.  The  data  are  well  described  by  a  single 
scaling  curve.  The  best  scaling  was  obtained  for  the  follow¬ 
ing  parameter  values:  TC—13A±0.2  K,  zv  =10.5±1.0,  and 
(3- 0.9  ±0.2.  The  uncertainties  in  these  parameters  are  ob¬ 
tained  by  ascertaining  (by  visual  inspection)  the  extremal 
values  of  the  parameters  for  which  reasonably  good  scaling 
is  still  achieved.  The  values  of  the  exponents  zv  and  f3  ob¬ 
tained  here  are  consistent  with  previous  results  obtained  for 
Cdj-^Mn/Te  and  Hgi-^Mn/Te,  i.e.,  zv- 9±1  and 
/3=0.8±0.16-10  Similar  values  were  also  obtained  in  a  non- 
DMS  insulating  spin  glass.14  One  should  note  that  the  range 
of  frequencies  used  in  this  study  is  rather  limited,  and  mea¬ 
surements  encompassing  a  larger  frequency  range  need  to  be 
made.  Nevertheless,  our  results  for  zv  and  (3  strongly  indi¬ 
cate  that  the  same  universal  critical  exponents  indeed  de¬ 
scribe  the  spin  glass  transition  in  all  DMS  materials. 

We  have  also  attempted  to  interpret  the  *"(&>, 7)  data  ac¬ 
cording  to  the  activated  dynamics  description  of  the  spin 
freezing  transition.  In  this  picture,  the  scaling  relation  gov¬ 
erning  the  behavior  of  near  the  transition  can  be 

written  as15,16 

x"((o,T)  =  spG[-eQ  ln(«r0)],  (2) 

where  P  and  Q  are  scaling  exponents.  If  thermally  activated 
excitations  do  govern  the  critical  dynamical  behavior,  then 
one  expects  the  exponents  P  and  Q  to  be  universal 7  Figure 
3  shows  the  best  scaling  plot  corresponding  to  Eq.  (2)  for  our 
x”(o),T)  data.  This  was  obtained  using  the  values  Tc  =  13.4 
±  0.2  K,F  =  0.5  ±  0.1,  Q  =  0.4  ±  0.1, and t0  =  10~13s.Itis 
clear  from  Figs.  2  and  3  that  the  activated  scaling  form  of 
Eq.  (4)  provides  a  less  satisfactory  description  of  the  data. 
Further,  the  P  and  Q  exponents  have  quite  different  values 
from  those  obtained  in  other  DMS  systems  and  other  systems 


which  show  a  spin  freezing  transition  (3.65  ^  P  ^  4.2,  Q 
=  0.8  for  Hg07Mn03Te;  3.65  ^  P  4.2,  Q  =  1.2  for 
Cdo.7Mno.3Te;  P  =  0.4  ±  0.1,  Q  =  0.35  ±  0.05  for 
BaCo6Ti6019.7,14  The  different  values  of  these  exponents 
clearly  indicate  a  lack  of  universality,  which  makes  the  acti¬ 
vated  dynamics  description  less  attractive. 

We  have  also  made  nonlinear  magnetization  measure¬ 
ments  on  a  Zn0  5Mn0  5Te  sample  close  to  the  transition  in 
order  to  examine  the  static  scaling  properties  in  the  critical 
region.  In  the  immediate  vicinity  of  Tc ,  the  universal  scaling 
expression 

Mn[(e,H)  =  e{y+3mF(Hle{y+^12)  (3) 

applies.  Here,  M nl(H ,T)  =  M (H ,T)  —  X(i)(T)H  is  the  nonlin¬ 
ear  magnetization  and  Xi(T)H ,  is  the  linear  contribution  near 
T 

1  c  • 

The  magnetization  as  a  function  of  temperature  was 
measured  in  several  fixed  fields.  Near  Tc ,  *nI  =  Mnl/H  in¬ 
creases  as  shown  in  Fig.  4,  as  would  be  expected  from  the 
well-known  divergence  of  this  parameter  at  Tc  for  spin 


Log[-Log(coxo)(T/T-1)QI 


FIG.  3.  Activated  dynamic  scaling  of  *"0,7)  according  to  Eq.  (2)  in  the 
text.  The  best-fit  values  of  the  Tc ,  r0,  and  the  scaling  exponents  P  and  Q  are 
shown  as  well.  Notice  that  the  best  scaling  in  this  case  is  significantly  worse 
than  that  depicted  in  Fig.  2. 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Shand  et  al.  6165 


FIG.  4.  Mn[IH  vs  temperature  T  for  Zn^MaJe  for  several  fixed  fields. 
The  data  reveal  a  rapid  increase  in  the  nonlinear  term  near  Tc . 

glasses.  In  Fig.  5,  the  data  are  plotted  according  to  the  uni¬ 
versal  scaling  relation  of  Eq.  (3)  using  values  for  the  param¬ 
eters  %  /3,  and  Tc  which  produced  the  best  scaling.  The 
parameter  values  which  produced  the  best  scaling  were 
y— 4.0±  1.0,  0=O.8±O.2,  and  Tc  =  20.8  ±  0.2  K.  The  data 


H/e(npy2  (0e) 


FIG.  5.  The  nonlinear  magnetization  data  for  Znj  ^Mn^Te  analyzed  accord¬ 
ing  to  a  universal  scaling  model  for  a  spin  glass  transition.  The  asymptotic 
limits,  shown  by  the  solid  lines,  are  in  agreement  with  the  theory. 


collapse  onto  the  single  universal  scaling  curve  which  covers 
many  orders  of  magnitude  along  both  axes.  For  temperatures 
significantly  greater  than  Tc  (lower  part  of  the  curve),  the 
slope  approaches  three,  consistent  with  the  first-order  term  in 
the  expansion  of  Mnl.n  The  scaling  plot  shows  increasing 
scatter  at  higher  temperatures  since  the  nonlinear  magnetiza¬ 
tion  approaches  zero  as  one  moves  out  of  the  critical  region. 
As  T  closely  approaches  Tc  from  above  (upper  part  of  the 
curve),  the  slope  tends  to  the  proper  asymptotic  value 
(y+3/3)/(y+/3).u  These  asymptotic  limits  are  shown  as  solid 
lines  in  Fig.  5. 

The  Tc  value  of  20.8 ±0.2  K  obtained  in  the  static  scal¬ 
ing  analysis  is  consistent  with  that  obtained  from  our  zero- 
field-cooled  and  field-cooled  magnetization  data.  The  value 
/3=0.8±0.2  is  in  accord  with  the  value  obtained  from  the 
dynamic  scaling  analysis  discussed  above,  which  reinforces 
the  spin  glass  picture.  Comparing  DMS  systems,  our  value  of 
y=4.0±1.0  for  Zn05Mn05Te  is  higher  than  the  reported 
value  of  y=3.3±0.3  for  Cd^Mn/Te  found  by  Mauger  and 
co-workers. 11  We  note  that  the  determination  of  y  via  the 
scaling  plot  is  very  sensitive  to  slight  changes  in  Tc  which 
explains  the  large  error  bars  which  we  quote  for  our  y  value. 
One  should  also  note  that  Geschwind  and  co-workers  using 
novel  linear  scaling  plots  found  y=4.4  in  Cd^Mo/Te.  We 
conclude  that  within  our  experimental  error,  there  is  fair 
agreement  between  values  for  the  critical  exponent  y  ob¬ 
tained  in  Zn^-Mn^Te  and  Cdj-^Mir/re. 
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Stimulated  by  Haldane’s  conjecture,1  linear-chain 
Heisenberg  antiferromagnets  (LCHAs)  with  spin  quantum 
number  (S)  one  have  been  studied  extensively.  One  of  the 
most  interest  findings  in  these  systems  is  the  presence  of  S 
=  5  degrees  of  freedom  induced  at  the  ends  of  finite  chains.  A 
quasi  fourfold  degenerate  ground  state  was  shown  to  exist 
from  an  exact  diagonalization  of  an  S  —  1  LCHA  with  open 
boundary  conditions.2  This  means  that  the  open  chain  has  a 
spin  \  degree  of  freedom  at  each  end.  A  quantum  Monte 
Carlo  calculation  on  S  =  1  finite  LCHAs  showed  that  a  stag¬ 
gered  moment  with  5  =  5  appears  at  the  ends  and  decays  ex¬ 
ponentially  with  distance.3  Hagiwara  et  al4  demonstrated 
experimentally  the  existence  of  the  5  =  5  degrees  of  freedom 
in  the  S=l  LCHA  compound  Ni(C2H8N2)2N02(C104),  ab¬ 
breviated  as  NENP.  Many  other  measurements  on  5'  =  1 
LCHA  materials  have  also  shown  the  existence  of  the  S  =  5 
degrees  of  freedom.5-8 

If  there  is  no  interaction  between  the  S  =  \  degrees  of 
freedom,  the  system  should  exhibit  paramagnetism  down  to 
zero  Kelvin.  Avenel  et  al.9  have  measured  the  magnetic  sus¬ 
ceptibility  of  a  carefully  grown  single  crystal  sample  of 
NENP  down  to  300  /jK  and  found  that  the  susceptibility 
obeyed  the  Curie- Weiss  law  with  a  very  small  Weiss  con¬ 
stant  (6-12  mK).  When  an  interaction  between  the  S de¬ 
grees  of  freedom  exists,  we  expect  that  the  system  will  ex¬ 
hibit  a  magnetic  ordering  at  finite  temperature.  Recently,  we 
have  reported  the  first  observation  of  a  spin-glass  transition 
in  NENP.10  In  the  present  paper,  we  report  additional  infor¬ 
mation  on  a  spin-glass  freezing  in  NENP. 

NENP  crystallizes  in  the  orthorhombic  system  and  be¬ 
longs  to  the  Pnma  space  group  with  lattice  constants 
a  =  15.223  A,  £  =  10.300  A,  and  c  =  8.295  A.11  The  structure 
consists  of  •••Ni-N02-Ni***  chains  along  the  b  axis  which 
are  well  separated  from  each  other  by  C104  anions.  The  in¬ 
trachain  interaction  between  Ni2+  spins  via  the  nearly  180° 
Ni-N02-Ni  bond  is  determined  to  be  antiferromagnetic 
(JlkB  =— 55  K).12  The  interchain  interaction  is  much  weaker 
than  the  intrachain  one  (|/7/|  =  10“4). 

The  single  crystals  of  NENP  used  in  these  experiments 
were  grown  from  a  reaction  of  Ni(C104)26H20  (99.99%) 
with  ethylenediamine  and  NaN02.  Usually,  the  reaction  is 
controlled  so  as  to  proceed  slowly.  When  the  reaction  pro¬ 


ceeded  quickly  by  chance,  we  obtained  the  crystals  of  NENP 
which  show  a  spin-glass  behavior  described  below. 

In  the  following,  we  present  the  results  of  magnetic  sus¬ 
ceptibility  measurements  on  the  single  crystal  samples  of 
NENP.  The  direct  current  (dc)  and  linear  alternating  current 
(ac)  susceptibilities  were  measured  with  a  SQUID  magneto¬ 
meter  (Quantum  Design’s  MPMS2).  Special  care  was  taken 
to  reduce  the  magnetic  field  at  the  sample  position.  The  non¬ 
linear  ac  susceptibility  was  measured  with  a  Hartshorn-type 
bridge  installed  at  Chiba  University. 

Figure  1  shows  the  temperature  dependence  of  the  dc 
susceptibility  (magnetization/applied  magnetic  field)  of  a 
single  crystal  of  NENP  for  zero-field  cooled  (ZFC)  and  field 
cooled  (FC)  measurements.  The  susceptibility  of  this  sample 
is  qualitatively  different  from  that  of  an  ideal  one  reported 
before.12  First,  no  rounded  maximum  is  observed.  Instead, 
the  susceptibility  continue  to  increase  with  decreasing  tem¬ 
perature  down  to  about  15  K  for  both  of  ZFC  and  FC  mea¬ 
surements.  Second,  a  marked  difference  between  FC  and 
ZFC  measurements  is  observed  below  about  15  K.  From  the 
chemical  analysis  of  the  sample  used  in  the  measurement,  we 
found  that  the  concentration  of  transition  elements  other  than 
Ni  is  below  0.01  wt.  %.  Thus,  the  increase  of  suseptibility  at 
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FIG.  1.  Temperature  dependence  of  the  dc  susceptibility  in  a  nominally  pure 
single  crystal  sample  of  NENP  along  the  b  axis.  Inset:  Comparison  between 
the  experimental  data  with  the  result  of  a  Monte  Carlo  calculation  (Ref.  13) 
in  the  temperature  20-250  K. 
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FIG.  2.  Temperature  dependence  of  real  (*')  and  imaginary  (Y')  parts  of  ac 
susceptibility  in  the  NENP  crystal  for  various  dc  fields  superposed  on  the  ac 
field.  Solid  lines  are  guides  to  the  eyes. 

the  low  temperatures  must  come  from  the  S~  \  degrees  of 
freedom  at  the  chain  ends.  We  have  compared  our  data  with 
the  results  of  the  Monte  Carlo  calculation13  in  the  tempera¬ 
ture  range  20  K<T<250  K  as  shown  in  the  inset  of  Fig.  1. 
We  found  that  our  results  can  be  reproduced  if  we  take  an 
average  chain  length  between  9  and  17  spins  (no  data  are 
available  for  the  chains  between  10  and  16  spins  in  the  lit¬ 
erature).  The  rapid  increase  in  the  susceptibility  below  about 
20  K  in  Fig.  1  means  that  an  interaction  between  the  S=\ 
degrees  of  freedom  exists. 

Figure  2  shows  the  temperature  dependence  of  the  real 
(Xr)  and  imaginary  (/)  parts  of  the  linear  ac  susceptibility 
for  different  dc  bias  fields  superposed  on  the  ac  field.  A  cusp 
is  seen  in  the  temperature  dependence  of  x'  in  zero  dc  field 
as  in  all  the  spin-glass  materials  known  to  date.  The  cusp 
broadens  with  increasing  dc  bias  field  which  is  commonly 
seen  in  spin-glass  systems.  We  have  also  measured  the  linear 
ac  susceptibilities  for  various  frequencies.10  The  position  of 
the  cusp  moves  to  high  temperature  side  with  increasing  fre¬ 
quency  as  commonly  seen  in  spin  glasses. 

In  order  to  get  further  evidence  for  spin-glass  transition, 
we  have  measured  the  nonlinear  ac  susceptibility  of  this 
sample.  As  was  predicted  theoretically  by  Suzuki14  and  con¬ 
firmed  experimentally  by  Chikazawa  et  a/.,15  the  second 
component  (tf2)  of  the  nonlinear  susceptibility  in  spin  glasses 
diverges  to  -<»  at  the  freezing  temperature  (Tf).  As  is  seen 
from  Fig.  3,  the  temperature  dependence  of  —  ^  of  our 
NENP  sample  shows  an  anomalous  increase  when  ap¬ 
proached  to  Tf  from  both  sides.  From  these  experimental 
results,  we  conclude  that  a  spin-glass  transition  takes  place  in 
the  nominally  pure  single  crystal  of  NENP. 

Now  we  discuss  a  possible  origin  of  the  spin-glass  tran¬ 
sition  in  our  sample.  It  is  pointed  out  that  the  interchain 
exchange  interaction  and  dipole-dipole  interaction  alone 
cannot  explain  the  relatively  high  freezing  temperature. 
Then,  we  should  take  into  account  the  intrachain  exchange 
interaction  as  an  origin  of  the  spin  glass.  Since  our  NENP 
crystals  do  not  contain  any  detectable  magnetic  impurities, 
the  moments  are  induced  at  the  ends  of  finite  chains  probably 
by  structural  defects.  Here,  we  assume  that  such  defects  are 
created  by  a  displacement  of  C104  molecules  towards  the 
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FIG.  3.  Temperature  vs  nonlinear  ac  susceptibility  (X \ )  of  the  NENP  sample. 


chain  that  pushes  away  an  N02  molecule.  Then,  there  will  be 
a  possibility  of  having  a  90°  exchange  bond  between  the 
neighboring  Ni  atoms  in  the  chain.  We  expect  that  this  ar¬ 
rangement  will  give  a  ferromagnetic  exchange 
interaction16,17  between  the  spins  at  the  ends.  These  ferro¬ 
magnetic  bonds  are  distributed  randomly  in  the  chains.  The 
randomly  distributed  ferromagnetic  and  antiferromagnetic 
bonds  in  an  open  chain  do  not  cause  frustration  in  the  sys¬ 
tem.  Then,  we  propose  the  following  mechanism.  At  the  sites 
where  an  N02  molecule  was  pushed  away,  the  interchain 
exchange  interaction  will  be  much  stronger  than  that  in  an 
ideal  sample.  Let  us  consider  an  example  in  which  frustra¬ 
tion  is  expected  to  occur.  In  a  short  open  chain  with  an  even 
number  of  spins,  the  end  spins  are  antiparallel  to  each  other, 
while  they  are  parallel  in  a  short  odd  chain.  When  neighbor¬ 
ing  even(n)  and  odd(n  +  1)  chains  interact  at  the  both  ends  as 
shown  in  Fig.  4,  a  90°  ferromagnetic  exchange  bond  between 
the  neighboring  Ni  atoms  in  the  chain  and  a  180°  antiferro¬ 
magnetic  exchange  bond  between  the  chains  exist.  This  latter 
exchange  bond  causes  a  frustration  as  shown  in  Fig.  4. 

In  conclusion,  the  dc,  linear  ac,  and  nonlinear  ac  suscep¬ 
tibility  measurements  on  the  nominally  pure  single  crystal  of 
NENP  show  clearly  a  spin-glass  freezing  of  the  moments  at 
the  chain  ends  created  by  structural  defects. 

We  would  like  to  thank  the  Chemical  Analysis  Unit  in 
RIKEN  for  the  chemical  analysis.  This  work  was  partially 
supported  by  the  “MR  Science  Research  Program  from 
RIKEN”  and  by  a  Grand-in-Aid  for  Science  Research  from 
the  Japanese  Ministry  of  Education,  Science,  Sports  and  Cul¬ 
ture. 
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FIG.  4.  An  example  of  the  arrangement  of  short  chains  in  which  frustration 
is  expected  to  occur  in  the  NENP  crystal.  The  crosses  show  the  sites  where 
a  N02  molecule  was  pushed  away. 
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\  We  have  measured  the  magnetic  field  and  temperature  dependence  of  the  nonlinear  dc  susceptibility, 
*nl,  of  the  frustrated  pyrochlore  antiferromagnet  Y2Mo207  close  to  and  above  the  temperature, 
Tg~ 22  K,  where  this  material  exhibits  irreversible  (spin-glass  like)  magnetic  behavior.  Our  results 
suggest  that  the  observed  irreversible  magnetic  properties  in  this  material  are  due  to  a 
thermodynamic  spin-glass  transition  signaled  by  a  divergence  of  the  nonlinear  magnetic 
susceptibility  coefficient  Xi>-{TITg-\)~y  at  Tg  with  y=3.3±0.5.  *nl  shows  two  power-law 
behavior  at  Tg ,  *nl~//2/*  with  5-2.8  for  H<  1000  Oe  and  5-4.1  for  #>2000  Oe.  These  values  for 
y  and  5,  as  well  as  the  crossover  behavior  of  *nl  at  Tg ,  is  consistent  what  is  found  in  common 
disordered  Heisenberg  spin  glass  materials.  ©  1996  American  Institute  of  Physics . 
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The  study  of  magnetic  materials  with  competing,  or  frus¬ 
trated,  antiferromagnetic  interactions,  inhibiting  the  forma¬ 
tion  of  a  collinear  magnetically  ordered  state,  goes  back 
more  than  forty  years.1,2  However,  the  past  five  years  have 
seen  considerable  increase  in  the  number  of  systematic  ex¬ 
perimental,  theoretical,  and  numerical  investigations  of  these 
systems.2,3  For  example,  it  has  been  suggested  that  the  phase 
transition  into  a  noncollinear  spin  structure  may  belong  to  a 
“new”  chiral  universality  class  different  from  the  universal¬ 
ity  classes  appropriate  to  collinear  magnets.4  Also,  the  pro¬ 
posal  that  large  levels  of  frustration  can  generate  quantum 
zero-point  spin  fluctuations  sufficient  to  destroy  Neel  order 
at  zero  temperature  even  for  two  and  three-dimensional  sys¬ 
tems,  and  lead  to  novel  types  of  magnetic  ground  states,  has 
attracted  much  attention.2,3 

Several  families  of  insulating  antiferromagnetic  materi¬ 
als  with  extreme  frustration  level  have  been  identified.3  Ex¬ 
amples  include  the  kagome  and  pyrochlore  systems.  In  the 
kagome  SrCr^Ga^-^O^  (Ref.  5)  and  KM3(0H)6(S04)2 
(Ref.  6)  (M=Cr  or  Fe)  materials,  the  moment  carrying  cat¬ 
ions  (Cr,  Fe)  reside  on  stacked,  two-dimensional  lattices  of 
comer  sharing  triangles.5,6  In  the  A2B207  pyrochlores  (A 
=Y,Tb;  B=Mn,Mo),  the  A3+  and  B4+  cations,  which  can  be 
either  magnetic  or  nonmagnetic,  sit  on  two  distinct,  interpen¬ 
etrating  lattices  of  comer-sharing  tetrahedra.7"10 

In  both  the  classical  kagome  and  pyrochlore  Heisenberg 
antiferromagnets,  the  elementary  triangular  or  tetrahedral 
plaquettes  are  highly  frustrated,  and  the  classical  ground 
state  of  the  system  is  determined  by  the  quite  unrestrictive 
condition  2/eAS;- A=0  on  each  individual  plaquette  A,  where 
S;  a  is  a  classical  spin  on  lattice  site  i  of  plaquette  A.  The 
number  of  states  which  satisfy  this  local  condition  increases 
exponentially  with  system  size,  leading  to  a  finite  ground 
state  entropy  per  spin,  and  a  collective  paramagnetic  ground 
state.7  In  real  systems,  however,  perturbations  such  as  lattice 
distortions,  crystal-field  effects,  further  nearest-neighbor  ex¬ 
change  or  dipolar  coupling  can  lead  to  the  selection  of  a 


classical  Neel  ordered  ground  state.7,8  A  mechanism  of  order- 
by-disorder  via  thermal  or  quantum  fluctuations  may  also  be 
at  play,  and  lead  to  long-range  order.8  One  may  therefore 
expect  two  generic  scenarios  for  real  kagome  and  pyrochlore 
antiferromagnets.  They  could  display  long-range  Neel  order, 
possibly  with  a  sizeable  quantum  reduction  of  the  staggered 
moment  due  to  the  “fragility”  of  the  classical  order  brought 
about  solely  by  perturbative  effects.8,11  Alternatively,  quan¬ 
tum  fluctuations  may  be  sufficiently  large  to  destabilize  the 
otherwise  classical  ground  state,  and  drive  the  system  to  an 
unconventional  quantum  ground  state.2,11  It  is  therefore  in¬ 
teresting  that  a  large  number  of  kagome3,5,6  and 
pyrochlore9,10  antiferromagnets  fail  to  display  long-range,  or 
even  extended  short-range,  Neel  order.  Instead,  they  exhibit 
magnetic  irreversibilities,  i.e.,  spin-glass  like  behavior,  below 
a  glass  temperature,  Tg  .9,1°  This  is  surprising  as  a  large  num¬ 
ber  of  these  systems  can  be  prepared  with  a  very  high  degree 
of  chemical  and  structural  purity.9,10  The  mechanism  respon¬ 
sible  for  this  spin-glass  behavior  is  not  understood,  and  is 
currently  the  subject  of  an  intense  debate.12  However,  irre¬ 
spective  of  the  origin  of  the  glassiness,  one  would  still  like  to 
know:  “Does  Tg  correspond  to  a  true  thermodynamic  phase 
transition  or,  alternatively,  is  it  a  dynamical  freezing  transi¬ 
tion?” 

Y2Mo207  is  a  narrow  band  gap  semiconductor  where  the 
Mo4+  ions  are  magnetic,  with  an  antiferromagnetic  nearest- 
neighbor  Mo-Mo  superexchange,  while  Y3+  is  diamagnetic. 
The  270  mg  powder  sample  of  Y2Mo207  was  prepared  as 
described  in  Ref.  9.  Neutron  and  x-ray  powder  diffraction 
studies  show  that  there  is  no  measurable  amount  of  oxygen 
vacancies  or  intermixing  between  the  Y3+  and  the  Mo4+ 
sublattices.9  Any  random  disorder  in  that  material  is  there¬ 
fore  below  the  1%  detectability  level.  The  magnetization  was 
measured  using  a  SQUID  magnetometer.  The  bulk  magneti¬ 
zation  of  Y2Mo207  becomes  hysteretic  below  Tg^22  K:  the 
field-cooled  (FC)  and  zero  field-cooled  (ZFC)  magnetiza¬ 
tions  measured  in  fields  of  100  Oe  show  a  sharp 
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breakaway  below  22  K  9  This  is  a  characteristic  signature  of 
the  freezing  transition  observed  in  conventional  chemically 
disordered  spin  glass  materials.13 

To  assess  whether  or  not  a  true  thermodynamic  spin- 
glass  phase  transition  occurs  in  Y2Mo207,  we  have  measured 
the  nonlinear  susceptibility  coefficient  X3 (T),  which  is  ex¬ 
pected  to  show  a  power-law  critical  divergence  close  to  Tg  of 
the  type  *3~(r-rg)-r  (y>0).  13  *3  is  extracted  from  the 
temperature,  T,  and  field,  H ,  dependence  of  the  magnetiza¬ 
tion,  M(T,H ), 

M(T,H)  =  Xi(T)H-X3(T)H\+X5(T)H5-...,  (1) 

where  X\(J)  is  the  linear  susceptibility.  Hence,  the  tempera¬ 
ture  dependence  of  x?>(J)  allows  a  determination  of  Tg  and 
y.13  In  fact,  all  the  nonlinear  terms  Xin+ 1  with  must 

diverge  at  Tg ,  since  both  M(T,H)  and  H  are  finite  quanti¬ 
ties.  It  is  therefore  convenient  to  define  a  “full”  nonlinear 
susceptibility,  ^nl,  as 

M(T,H ) 

Xd.T,H)  =  \~— — .  (2) 

Right  at  Tg ,  ^nl  has  a  power  law  dependence  on  H\ 

Xnl(Tg,H)~H2/s,  (3) 

where  S  is  a  second  critical  exponent  characterizing  the  spin- 
glass  transition.13 

The  magnetization  data  were  collected  using  the  SQUID 
magnetometer  under  field-cooling  conditions;  the  field  H ,  in 
the  range  100-7000  Oe  was  switched  on  at  high  temperature 
(70  K—37^),  and  kept  constant  during  subsequent  slow  cool¬ 
ing  at  a  rate  5  mK/s  down  to  the  temperature  of  interest. 
Because  of  the  irreversible  and  time-dependent  nature  of  the 
system’s  response  below  Tg  only  results  in  temperature  range 
Tg<T<3Tg  are  included.  Our  results  on  the  low- 
temperature  dynamical  relaxation  of  the  magnetization  in 
Y2Mo207  will  be  reported  elsewhere.14  Three  consecutive 
cooling  runs  for  fixed  field  were  performed,  with  the  magne¬ 
tization  data  averaged  over  the  three  runs. 

Figure  1(a)  shows  the  field  cooled  susceptibility 
X(T,H)=M(T,H)/H  for  six  different  cooling  fields.  Prior  to 
doing  any  analysis,  we  dealt  with  the  fact  that  the  interac¬ 
tions  do  not  perfectly  average  to  zero,  as  evidenced  by  the 
fact  that  X\(D  does  not  have  a  simple  ^—l/T  Curie  law. 
The  leading  corrections  to  scaling  coming  from  this  nonzero 
averaging  of  the  interactions  can  be  eliminated  by  fitting 
X(T, H)  in  powers  of  a2n+i(T)x\[X\H]2n  f°r  n**0,  instead 
of  simply  *2w+1i/2",  and  considering  the  critical  behavior  or 
a2n+i(T)  instead  of  A2„+1(T).13  For  each  temperature  the 
field  dependence  of  x  at  small  field  was  fitted  with 
X~X\~X?>H2i  a2>=X^X\i  and  varying  the  upper  limit 

of  the  field  range  to  determine  the  limit  of  validity  of  this 
restricted  fit  beyond  which  higher  X2n+i  ( n> 1)  corrections 
become  significant.  The  quality  of  our  magnetization  data 
did  not  allow  us  to  determine  the  a  5= *5/^1  coefficient  with 
precision  better  than  50%-100%,  and  these  a5  data  are  not 
included  here.  We  show  in  Fig.  1(b)  the  full  nonlinear  sus¬ 
ceptibility,  x ni(7\tf),  as  defined  in  Eq.  (2),  with  X\  extracted 
from  the  fit  x(J,H)  =  X\~ Y3#2,  as  a  function  of  H 2  for  a 
few  temperatures  above  Tg .  These  results  emphasize  the 

J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


T(K) 


H2(T2) 

FIG.  1.  Panel  (a):  Raw  data,  susceptibility  MIH  vs  T  for  six  different 
cooling  fields.  Panel  (b):  net  nonlinear  susceptibility,  ;^nl=l— M/;^#  vs  H 2 
for  the  six  temperatures  indicated. 


large  increase  of  the  nonlinear  susceptibility  upon  approach¬ 
ing  Tg  in  this  material.  We  also  notice  that  the  ^nl  is  only 
linear  in  H2  up  to  a  maximum  field  H+(T )  whose  value  is 
rapidly  moving  to  H+(T)=  0  upon  approaching  Tg .  This  is 
due  to  the  turning  on  of  the  Xin+i  (n>l)  corrections  which 
diverge  at  Tg  as  (7’-7’g)(/?“"[y+w .13 

Figure  2(a)  shows  a  log-log  plot  of  a3  versus  TIT g-\ 
with  Tg= 21.8  K.  There  are  two  sets  of  data  shown  on  this 
figure,  the  squares  and  the  triangles.  The  two  data  sets  were 
obtained  with  the  same  Y2Mo207  sample,  but  from  two  sepa¬ 
rate  set  of  experiments  separated  by  four  months.  The  excel¬ 
lent  agreement  in  the  absolute  value  of  a 3  between  the  two 
sets  of  experiments  (i.e.,  no  vertical  or  horizontal  shifting  of 
one  set  with  respect  to  the  other  was  done)  gives  us  an  esti¬ 
mate  of  the  precision  of  our  measurements.  A  power-law  fit 
to  the  data  with  square  symbols  resulted  in  a  fit  with  mini¬ 
mum  x2  value  for  Tg=2l. 9  K,  yielding  a  critical  exponent 
y=3.3±0.5.  A  fit  for  the  triangles  give  a  best  fit  for  7^=21.7 
K  with  a  critical  exponent  of  also  y=  3.3 ±0.5.  The  power- 
law  divergence  of  a3  saturates  for  f<0.07  ( t=TITg  -  1).  A 
reason  for  this  levelling  off  of  a3  for  t< 0.07  is  that  the  range 
of  dominance  of  the  term  ^3(T)//2  to  *nl  falls  below  the 
smallest  field,  Hmin  (H~100  Oe),  for  which  reliable  data  are 
available  to  us.  The  increasingly  important  diverging  higher 
order  terms  of  alternating  signs  (^5,  ^7,  etc)  contributing  to 
^nl  then  cause  a3  to  be  underestimated  when  H+(T )  be¬ 
comes  less  or  equal  to  in .  Another  possible  effect  may 
be  the  slow  but  finite  cooling  rate  inhibits  the  attainment  of 
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FIG.  2.  Panel  (a):  log-log  plot  showing  the  temperature  dependence  of 
c3(T).  The  square  and  triangular  symbols  correspond  to  two  set  of  indepen¬ 
dently  analyzed  experiments.  The  dashed  line  shows  the  power  law  fit  to  the 
square  symbols  with  the  average  Tg= 21.8  K.  Panel  (b):  log-log  plot  of  the 
net  nonlinear  susceptibility,  xn\ .  vs  applied  field  H  at  T-21 .8  K.  The  dashed 
and  solid  lines  correspond  to  power-law  fits  for  fields  #<1000  Oe  and 
H> 2000  Oe,  respectively  (see  discussion  in  text). 


the  correct  equilibrium  value  of  Xn\  anc*  this  effect  is  com¬ 
pounded  with  the  previous  one,  saturating  a3  for  t< 0.07. 
Figure  2(b)  shows  a  log-log  plot  of  *nl  versus  H  at  Tg— 21.8 
K  for  fields  H— 100-7000  Oe.  At  criticality,  one  expects  that 
*nl  will  be  given  by  Eq.  (3),  with  a  single  value  of  S  for  fields 
H<J,  where  J  is  the  rms  value  of  the  superexchange  inter¬ 
actions.  Clearly,  we  observe  two  trends  in  Fig.  3(b),  one  for 
small  fields  and  one  for  large  fields,  with  a  crossover  field 
between  the  two  regimes  of  the  order  of  #co«*1500  Oe.  The 
value  of  <?is  found  to  be  2.8±0.5  for  #<1000  Oe  (dashed 
line)  and  4.1±0.1  for  #>2000  Oe  (solid  line).  Such  field 
induced  crossover,  with  similar  values  of  <5(#<#co)  and 
<5(#>#co)  has  also  been  seen  in  conventional  disordered 
spin  glasses.13 

It  is  interesting  to  compare  our  results  for  the  Y2Mo207 
pyrochlore  with  those  of  the  SrCr8Ga4019  kagome  system 
(SCGO), 15,16  and  for  the  site-ordered  gadolinium  gallium 
garnet  magnet  Gd3Ga5012  (GGG).17  Ramirez  et  al.15  found  a 


power-law  divergence  of  Xs  in  SCGO  with  y^2.4,  while 
Martinez  et  al.16  recently  published  results  where  they  argue 
that  the  freezing  at  Tf** 3.5  K  in  SCGO  is  not  associated  with 
a  divergence  of  (X3  was  found  to  increase  by  a  factor  5  or 
so  in  Ref.  16),  and  that  this  material  does  not  exhibit  con¬ 
ventional  spin  glass  behavior.  Schiffer  et  al}1  found  a  large 
increase  of  X3  in  GGG  (6  orders  of  magnitude  between  0.2 
and  5  K),  which  they  ascribe  to  a  spin  glass  transition.  How¬ 
ever,  the  temperature  dependence  of  X3  *n  GGG  is  qualita¬ 
tively  different  than  what  is  found  in  conventional  spin 
glasses  since  X3  has  two  maxima  in  GGG,  while  it  is  a  mono¬ 
tonic  function  of  the  temperature  in  conventional  spin 
glasses.  Hence,  from  the  point  of  view  of  nonlinear  suscep¬ 
tibility  measurements,  it  appears  that  the  spin  glass  behavior 
observed  in  Y2Mo207  resembles  much  more  what  is  found  in 
conventional  spin  glasses  than  what  has  been  found  in  other 
topologically  frustrated  antiferromagnets,  such  as  SCGO  and 
GGG. 

We  wish  to  thank  D.  Huse  for  useful  discussions.  This 
research  has  been  financed  by  the  NSERC  under  the  NSERC 
Collaborative  Research  Grant  Geometrically -Frustrated 
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The  magnetic  susceptibility  of  Ho2Mn207  with  a  spontaneous  rise  below  about  40  K  and  a 
paramagnetic  Curie  temperature  of  +39  K  suggests  a  ferromagnetic  ordering.  Indeed  neutron 
diffraction  profiles  show  strongly  enhanced  Bragg  peaks  with  a  temperature  dependence  which 
indicates  an  apparent  Tc**35  K.  Nonetheless,  the  magnetic  diffraction  pattern  is  not  consistent  with 
a  collinear  ferro  or  ferrimagnetic  ordering  of  the  Ho3+  and  Mn4+  sublattices.  Furthermore,  specific 
heat  and  small  angle  neutron  scattering  (SANS)  show  features  which  are  also  incompatible  with 
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I.  INTRODUCTION 

Two  necessary  but  not  sufficient  conditions  for  the  oc¬ 
currence  of  spin-glass-like  ordering  in  a  given  material  are 
site  disorder  and  magnetic  frustration.1  Recently,  some  pyro¬ 
chlore  structure  materials  have  been  studied  extensively  as 
they  seem  to  exhibit  spin-glass-like  ordering  based  on  mag¬ 
netic  frustration  alone,  having  apparently  negligible  site 
disorder.2-8  The  pyrochlore  compounds  R2M207  (R3+=rare 
earth;  M4+= transition  metal)  crystallize  in  the  face-centered- 
cubic  structure  with  the  space  group  Fd3m.9  Each  of  the 
metal  atoms  in  the  these  compounds  forms  a  three- 
dimensional  network  of  comer-sharing  tetrahedra.  Such  a  to¬ 
pology  leads  to  a  very  high  degree  of  magnetic  frustration  if 
the  nearest  neighbor  interactions  are  antiferromagnetic.10 

The  series  of  pyrochlores  R2Mn207  (R=Dy-Lu,  or  Y) 
have  been  reported  to  show  ferromagnetic  ordering  based 
upon  the  observation  of  positive  6p  values  and  spontaneous 
magnetization.3  Further  studies  of  neutron  scattering  and 
heat  capacity  provided  no  evidence  for  long-range  magnetic 
ordering  in  Y2Mn207.4  Small  angle  neutron  scattering 
(SANS)  studies  indicated  the  presence  of  ferromagnetic  clus¬ 
ters  of  finite  size  in  the  temperature  range  13-20  K.6  A  va¬ 
riety  of  studies  on  a  related  series  of  compounds  R2Mo207 
(R=Sm,  Gd,  Tb,  or  Y)  demonstrate  the  presence  of  spin- 
glass-like  ordering.5,7,8  In  contrast  recent  studies  of  magnetic 
and  electrical  along  with  SANS  data  on  Tl2Mn207  and 
In2Mn207  are  consistent  with  the  long-range  ferromagnetic 
ordering  below  about  120  K  in  both  materials.11 

Ho2Mn207  has  been  reported  to  show  spontaneous  mag¬ 
netization  below  about  40  K  with  a  paramagnetic  Curie  tem¬ 
perature,  0pi  of  +33  K.3  To  understand  the  nature  of  this 
magnetic  ordering,  a  variety  of  studies,  ac  and  dc  magnetic 
susceptibilities,  specific  heat,  SANS  and  powder  neutron  dif¬ 
fraction  were  performed  and  the  results  are  discussed  in  Sec. 
III. 


II.  EXPERIMENT 

The  polycrystalline  powder  sample  used  in  the  present 
measurements  is  the  same  as  that  described  in  Ref.  3.  Ac 
susceptibility,  x'  >  was  determined  as  function  of  temperature 
using  a  Lake  Shore  7000  Susceptometer.  Dc  susceptibility 
and  magnetization  were  measured  with  the  help  of  a  SQUID 
magnetometer  (Quantum  Design,  San  Diego).  The  specific 
heat  of  the  sample,  in  the  form  of  powder,  was  measured  in 
the  temperature  range  2-90  K  using  a  fully  automated  quasi- 
adiabatic  calorimeter  equipped  with  a  Ge  thermometer.  The 
SANS  experiments  were  performed  at  the  instrument  at  the 
DR3  reactor  at  Ris<6  National  Laboratory.  The  powder  neu¬ 
tron  diffraction  data,  at  different  temperatures  were  obtained 
at  the  McMaster  Nuclear  Reactor  with  1.3913  A  neutrons. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  the  real 
part  of  the  ac  susceptibility,  of  Ho2Mn207  at  10  G  at 
different  frequencies  x '  increases  rapidly  below  about  40  K 


FIG.  1.  ac  susceptibility,  x'  >  °f  Ho2Mn207  at  four  different  frequencies, 
from  top  to  bottom:  (8,  33,  143,  and  222  Hz). 
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FIG.  2.  Zero  field  cooled  (ZFC)  and  field  cooled  (FC)  dc  susceptibility  of 
Ho2Mn207  measured  at  100  G.  The  inset  shows  the  negative  temperature 
derivative  of  the  product  of  the  FC  susceptibility  and  temperature. 

and  frequency  dependent  behavior  is  seen  below  38.0  K  with 
a  broad  maxima  around  33  K.  The  dc  susceptibility,  mea¬ 
sured  at  100  G,  is  plotted  against  temperature  in  Fig.  2.  It  can 
be  seen  that  a  spontaneous  magnetization  develops  below 
about  40  K  and  deviations  occur  between  zfc  and  fc  suscep¬ 
tibilities  below  35  K  which  is  expected  for  a  spin-glass  tran¬ 
sition.  A  plot  of  -d(xT)/dT  against  T  is  generally  useful  to 
determine  the  transition  temperature  more  accurately  from 
the  dc  susceptibility  data.  Such  a  plot  given  in  the  inset  of 
Fig.  2  indicates  a  Tc  of  37.1  ±1.0  K.  The  magnetization  as  a 
function  of  applied  field  was  measured  at  5.0  K.  Saturation 
occurs  only  above  1.5  T  with  a  value  of  12.3  /z5/Ho2Mn207 
at  5.0  T.  In  Y2Mn207  a  magnetic  moment  of  2.3  fiB! Mn  at 
4.0  T  was  reported 4  Assuming  the  same  Mn4+  sublattice 
contribution  in  Ho2Mn207  leaves  a  saturation  moment  of  3.9 
(iB! Ho3+  which  is  very  small  compared  with  an  expected 
value  of  gJ=  10.0  julb  per  Ho3+  free  ion  (g  =  1.25  and  7=8 


FIG.  3.  Powder  neutron  diffraction  profiles  at  different  temperatures  for 
Ho2Mn207 .  The  base  line  intensities  for  different  temperatures  are  shifted 
arbitrarily  for  the  clarity  of  the  plots. 


FIG.  4.  The  intensity  of  the  Bragg  reflection  (111)  against  temperature. 

for  Ho3+  with  a  ground  state  of  2/8).  The  significant  reduc¬ 
tion  in  Ho3+  moment  from  the  expected  value  suggests  the 
existence  of  strong  crystal  field  effects.  This  is  consistent 
with  the  specific  heat  data  discussed  later. 

The  powder  neutron  diffraction  profiles  at  different  tem¬ 
peratures  are  plotted  in  Fig.  3.  First,  note  that  the  intensity  of 
each  nuclear  Bragg  peak,  indicated  by  the  arrows,  is  en¬ 
hanced  as  the  temperature  is  decreased  and  that  there  is  no 
apparent  change  in  the  peak  width.  Further  the  temperature 
dependence  of  the  intensity  of  the  (111)  reflection  at  13.85°, 
as  shown  in  Fig.  4,  is  consistent  with  the  susceptibility  data 
in  suggesting  a  Tc  of  about  36  K.  The  observed  magnetic 
diffraction  pattern  is  not  consistent  with  a  collinear  ferro  or 
ferrimagnetic  structure  as  found  for  Nd2Mo207  or  Yb2V207 


FIG.  5.  (a)  Measured  specific  heat,  Cp  ,  of  Ho2Mn207.  The  continuous  line 
represents  the  estimated  lattice  specific  heat,  Cj .  (b)  Magnetic  specific  heat, 
Cm ,  obtained  by  subtracting  the  C,  from  the  Cp .  (c)  Magnetic  entropy,  Sm , 
vs  temperature. 
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T  (K) 

FIG.  6.  Small-angle  neutron-scattering  intensity  (in  arbitrary  units)  as  a 
function  of  temperature  at  different  wave  vectors  for  Ho2Mn207 . 


and  no  solution  has  yet  been  found.5,12  From  the  resolution 
of  our  neutron  diffraction  data  we  determine  a  lower  limit  for 
the  spin  correlation  length  of  ~  115  A. 

The  measured  specific  heat,  Cp ,  of  Ho2Mn207  in  Fig. 
5(a)  displays  an  anomaly  at  about  35  K.  The  Cp  of  insulating 
Ho2Mn207  consists  of  contributions  from  the  lattice  specific 
heat,  C1?  and  the  magnetic  specific  heat,  Cm.  The  C{  of 
Ho2Mn207,  represented  by  continuous  line  in  Fig.  5(a),  was 
evaluated  to  separate  the  contribution  of  Cm.  The  details  of 
this  procedure  can  be  found  in  Ref.  7.  The  magnetic  specific 
heat,  in  Fig.  5(b),  shows  a  broad  maximum  around  33  K.  The 
absence  of  a  sharp  k-type  anomaly  and  the  presence  of  Cm  to 
temperatures  much  above  the  apparent  Tc  suggests  the  ab¬ 
sence  of  a  conventional  long-range  magnetic  ordering  and 
the  presence  of  short-range  correlations.  At  temperatures  be¬ 
low  about  4  K  there  is  an  up  turn  in  Cm .  The  magnetic 
entropy,  Sm ,  involved  in  the  magnetic  anomaly  is  determined 
as  a  function  of  temperature  by  numerically  integrating 
CJT  ( CJT  behavior  is  extrapolated  below  2  K).  A  plot  of 
the  magnetic  entropy,  Sm ,  versus  temperature  is  displayed  in 
Fig.  5(c).  It  can  be  seen  that  Sm  reaches  a  value  of  30 
J  moF1  K-1  at  90  K  which  is  far  less  than  the  expected 
magnetic  entropy  for  Ho2Mn207  with  J= 8  for  Ho3+  and 
S—3/2  for  Mn4\  2R  \n(2J+  1)  +  2R  ln(25+ 1)=70.2 
J  moF1  K”1.  This  corroborates  the  reduced  saturation  mo¬ 
ment  of  Ho3+  described  above. 

Figure  6  displays  the  temperature  dependence  of  the 
scattered  neutron  intensity  at  different  wave  vectors,  Q.  For 
the  highest  wave  vector  (i.e.,  2=0.122  A”1),  the  SANS  in¬ 
tensity  shows  a  broad  maximum  centering  about  36  K,  which 
is  close  to  the  Tc  observed  in  the  previously  described  ex¬ 
periments,  and  decreases  with  the  temperature  below  the  Tc . 
As  the  Q  is  reduced  down  to  0.055  A”1,  the  broad  maximum 


and  persists  but  the  intensity  rises  towards  the  lower  tem¬ 
peratures.  With  a  further  decrease  in  the  Q ,  the  intensity  does 
not  exhibit  any  peak  but  a  plateau  below  36  K  and  starts 
increasing  below  30  K.  For  the  lowest  Q  of  0.013  A-1,  the 
intensity  increases  sharply  below  40  K  and  continues  to  in¬ 
crease  with  the  decrease  in  the  temperature.  For  a  long-range 
ordered  material,  the  SANS  intensity  observed  at  low  Q  as  a 
function  of  the  temperature  shows  a  pronounced  cusp  at  the 
Tc  with  a  rapid  fall  off  in  the  intensity  both  above  and  below 
the  Tc.  The  SANS  intensity  of  Ho2Mn207,  at  the  low  Q  of 
0.013  A”1,  does  not  show  any  cusp  at  the  Tc  providing  evi¬ 
dence  for  the  absence  of  long-range  magnetic  ordering.  It  is 
of  interest  here  to  mention  the  SANS  intensities  of  Tl2Mn207 
and  Y2Mn207  against  temperature.11  In  Tl2Mn207,  the  SANS 
intensity  shows  a  sharp  peak  at  the  transition  temperature 
indicating  a  long-range  ordering  and  consistent  with  the 
other  experimental  evidence.  However,  in  Y2Mn207  where 
long-range  order  is  absent,  the  SANS  intensity  rises  sharply 
below  the  Tc.  A  detailed  analysis  of  SANS  data  for 
Y2Mn207 ,  Ho2Mn207 ,  and  Yb2Mn207 ,  to  be  published  else¬ 
where,  gives  evidence  for  correlation  lengths  of  the  order  of 
500  A  and  greater  associated  with  a  random  field  scattering. 
It  is  thus  likely  that  the  apparently  complex  ordering  seen  in 
Ho2Mn207  is  not  truly  long  range  and  thus  it  is  possible  to 
reconcile  the  neutron  diffraction  and  heat  capacity  results. 
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A.-Mn02,  a  new  frustrated  antiferromagnet  with  the  defect 
spinel  structure  (abstract) 

J.  E.  Greedan,  Guo  Liu,  and  N.  P.  Raju 
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Mn02  exists  in  a  number  of  crystalline  modifications.  X-Mn02,  prepared  by  electrochemical 
delithiation  of  the  spine  Li2Mn204,  has  Mn4+,  5=3/2,  occupying  the  octahedral  (16c)  sites  in 
Fd3m.  The  magnetic  sublattice  consists  of  a  pyrochlore-type  array  of  comer-shared  tetrahedra  and 
is  thus  a  candidate  for  frustrated  antiferromagnetism.  The  dc  susceptibility  data  indicate,  for  very 
low  applied  fields  of  45  G,  a  sharp  maximum  at  32  K  but  this  is  smeared  to  a  broad  maximum  at 
25  K  for  fields  as  modest  as  300  G.  Zero-field  neutron  diffraction  data  show  long  range  order  with 
K=(h  \  1)  and  7’„=32  K.  Surprisingly,  the  long  range  order  is  robust  to  applied  fields  of  1.0  T  and 
higher.  Prominent  diffuse  scattering  persists  up  to  greater  than  60  K  due  to  short  range  order  which 
is  indicative  of  frustration.  The  properties  of  \-Mn02  are  compared  with  those  of  the  spin-glass-like 
pyrochlore,  Y2Mn207,  which  has  the  same  magnetic  species  on  the  same  sublattice.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)44208-9] 
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Magneto-Optic  Kerr  Effect: 
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Theory  of  nonlinear  magneto-optics  (invited) 
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Nonlinear  magneto-optics  is  a  very  sensitive  fingerprint  of  the  electronic,  magnetic,  and  atomic 
structure  of  surfaces,  interfaces,  and  thin  ferromagnetic  films.  Analyzing  theoretically  the  nonlinear 
magneto-optical  Kerr  effect  for  thin  films  of  Fe(001)  and  at  Fe  surfaces  we  demonstrate  exemplarily 
how  various  electronic  material  properties  of  ferromagnets,  such  as  the  ^/-bandwidth,  the 
magnetization,  the  substrate  lattice  constant,  and  the  film-thickness  dependence  can  be  extracted 
from  the  calculated  nonlinear  Kerr  spectra.  Furthermore,  we  show  how  the  substrate  d  electrons 
[Cu(001)]  affect  the  nonlinear  Kerr  spectra  even  without  being  themselves  spin-polarized  and 
without  film-substrate  hybridization.  We  show  that  the  Kerr  rotation  angle  in  second-harmonic 
generation  is  enhanced  by  one  to  two  orders  of  magnitude  compared  to  the  linear  Kerr  angle  and 
how  symmetry  can  be  used  to  obtain  the  direction  of  magnetization  in  thin  films  and  at  buried 
interfaces  from  nonlinear  magneto-optics.  ©  1996  American  Institute  of  Physics . 
[S0021-8979(96)47808-7] 


I.  INTRODUCTION 

Nonlinear  magneto-optics  for  metals1,2  is  a  new  expand¬ 
ing  field  the  significance  of  which  results  from  extending 
electrodynamics  to  the  nonlinear  case  and  from  applications. 
Particularly,  an  important  task  of  theory  was  to  extend  the 
symmetry  analysis  to  an  electronic  theory3,4  since  this  al¬ 
lowed  second-harmonic  generation  (SHG)  to  be  used  as  an 
important  new  tool  for  the  analysis  of  surface,5  interface,  thin 
film,  and  multilayer6,7  magnetism.  The  surface  sensitivity  re¬ 
sults  since  breakdown  of  inversion  symmetry  is  necessary 
for  SHG.  Thus,  it  is  possible  to  determine  with  the  help  of 
SHG  surface  magnetic  moments,  magnetic  anisotropy,  do¬ 
mains,  magnetostriction,  and,  in  particular,  properties  of  bur¬ 
ied  interfaces. 

Using  an  electronic  theory  (with  a  band  structure  input) 
we  calculate  (i)  the  material  specific  nonlinear  response  func¬ 
tion  x(2)(cu,M,\S0,d),  depending  on  magnetization  M, 
spin-orbit  coupling  \so  and  film  thickness  d ,  (ii)  the  nonlin¬ 
ear  Fresnel  formula  for  the  reflected  nonlinear  fields 


E(2co),  and  thus  finally,  (iii)  the  complex  nonlinear  Ken- 
rotation  angle  .  The  results,  presented  in  the  following 
demonstrate,  in  particular,  what  can  be  learned  (a)  from  an 
analysis  of  the  frequency  dependence  and  (b)  from  the  sym¬ 
metry  analysis  and  the  Kerr  rotation.  Some  selected  general 
results  obtained  previously  are  shown,  but  also  interesting 
new  results  indicating  important  substrate  effects.  Remark¬ 
ably,  the  calculation8  and  recent  experiments9,10  yield  that 
is  larger  by  two  orders  of  magnitude  compared  to  the 
linear  Kerr  rotation. 

II.  THEORY 

A.  Nonlinear  susceptibility 

Using  response  theory  the  nonlinear  optical  polarization 
is  given  by 

Pi=x\jlEj{a>)Em(<o),  (1) 

where  Pt  is  the  ith  component  of  the  polarizability  and 
where  the  susceptibility  tensor  x^h  is  determined  by1,11 
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FIG.  1.  Ab  initio  calculated  nonlinear  magneto-optical  Kerr  spectra  of  Fe 
using  Eq.  (2)  for  a  monolayer  (dashed  curve— 1),  and  films  with  3  layers 
(dashed-dotted  curve — 2),  5  layers  (long-dashed — 3),  and  7  atomic  layers 
(dotted  curve — 4).  The  second-harmonic  response  results  from  the  first 
atomic  layer.  This  SH  response  is  obtained  by  projecting  the  wave  functions 
to  the  first  atomic  layer  yielding  the  factor  C. 


Here  Ekla  are  the  electronic  energy  levels  resulting  from  the 
band  structure  calculations,  (k/<r|i|k+q||  ,/'tr)  are  the  tran¬ 
sition  matrix  elements,  which  control  the  symmetry  and  thus 
the  interface  sensitivity.  If  the  matrix  elements  are  treated  as 
constants  one  has  to  introduce  a  cut-off  to  guarantee  the  sur¬ 
face  sensitivity.  This  is  done  by  the  factor  C.12  Typically, 
magnetic  dipole  effects  are  negligible  if  the  electric  dipole 
contribution  does  not  vanish.  Aso  is  the  key  parameter  for 
nonlinear  magneto-optics.  In  particular,  for  determing  the 
KeiT  effect  it  might  be  useful  to  decompose  *(2)  in  odd  and 
even  contributions  ^(2)  =  ^(2)(M)  +  /y(2)(M2). 

For  the  application  of  the  general  theory  thin  films  are  of 
particular  interest.  Then,  the  layer-dependent  contributions  to 

reveal  interesting  film  properties  and  substrate  effects. 
For  the  thin  film  calculations  we  use  C=Wk+2^j"(T 
Wk+q{l  j'oWwr,  where  Wa  denotes  the  weight  of  the  density 
of  state  |k/cr)  in  the  Wigner-Seitz  cell  of  the  first  monolayer. 
Note,  due  to  the  factor  C  SHG  will  always  result  from  the 
surface  layer  or  from  the  layer  at  the  interface,  however  the 
electronic  structure  of  this  layer  depends  on  the  film  thick¬ 
ness.  The  band  structure  Ekla  is  calculated  employing  the 
full-potential  linear  muffin-tin  orbital  method  (FP-LMTO)13 
for  thin  Fe(001)  films  within  a  symmetric  slab  calculation. 

Results  for  one,  three,  five,  and  seven  layers  of  Fe  are 
presented  in  Fig.  1.  The  depth  of  the  first  minimum  in  the 
spectra  scales  linearly  with  the  magnetic  moment  of  the  top 
layer  while  the  energy  of  this  minimum  reflects  the  d-band 
width.  As  can  be  seen  from  Fig.  2,  the  nonlinear  spectra 
reveal  the  structural  changes  induced  by  different  substrates 
or  temperatures.  In  Fig.  3  we  compare  the  ab  initio  nonlinear 
Kerr  spectrum  for  the  Fe(001)  monolayer  with  tight-binding 
calculations.  From  the  results  of  Fig.  3  it  becomes  obvious 
that  it  is  necessary  to  use  ab  initio  calculations  for  the  films 
if  only  bulk  tight-binding  parameters  are  available.  However, 
tight-binding  calculations  may  be  adequate  if  one  uses  as 
input  parameters  those  determined  from  ab  initio  calcula¬ 
tions  for  thin  films. 


FIG.  2.  Film-lattice-constant  dependence  of  ab  initio  calculated  nonlinear 
Kerr  spectra  of  a  Fe  monolayer.  The  solid  curve  refers  to  the  bulk  bcc  Fe 
lattice  constant  a  =2.16  A,  the  dashed  curve  to  a  =2.116  A  (bulk  Au),  and 
the  dotted  curve  to  a  =2.783  A  (bulk  Ag).  The  long-dashed  curve  refers  to 
the  experimental  a  =2.88  A  for  Fe.  Choosing  lattice  constants  a  referring  to 
Au  and  Ag  should  simulate  substrate  effects.  The  inset  shows  for  an  en¬ 
hanced  scale  the  effects  of  different  lattice  constants  for  the  zero  of  Im 
*(2)  at  ha)**  3  eV  and  indicate  structural  effects  which  should  be  observ¬ 
able. 


We  also  generally  expect  interesting  results  for  *(2)  at 
heterogeneous  interfaces  like  Fe/Cu(001).  For  example,  it  is 
of  interest  to  find  out  how  the  substrate  interferes  with  the 
electronic  structure  of  the  thin  film.  For  this  reason  we  per¬ 
formed  calculations  of  the  Fe/Cu  bilayer.  Results  are  shown 
in  Fig.  4.  The  additional  peak  structure  reveals  the  electronic 
influence  even  of  the  nonmagnetic  Cu  on  the  nonlinear 
magneto-optic  response  of  thin  films.  This  might  be  of  gen¬ 
eral  significance  also  with  respect  to  the  analysis  of  quantum 
well  states  (tuning  of  interface  properties,  \so  in  substrate,  M 
in  films). 

From  the  results  of  Figs.  1-4  we  learn  that  the  nonlinear 


FIG.  3.  Comparison  of  ab  initio  (solid  line— 2)  and  semi-empirical  calcu¬ 
lations  of  the  nonlinear  magneto-optical  susceptibilities  for  a  Fe  monolayer. 
Semi-empirical  calculations  are  performed  for  a  two-dimensional  atomic 
configuration  (dashed-dotted  curve— 1)  and  for  a  three-dimensional  one 
with  reduced  hopping  parameters  (dashed  curve— 3)  containing  the  reduced 
coordination  number  of  a  monolayer  compared  to  the  bulk. 
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FIG.  4.  Nonlinear  magneto-optical  Kerr-spectrum  of  a  Fe/Cu  bilayer  system 
without  (solid  curve)  and  with  (dashed  curve)  hybridization  between  the  Fe 
and  Cu  layers.  Note,  the  spectrum  look  rather  different  from  the  correspond¬ 
ing  one  for  freestanding  monolayers  indicating  a  strong  effect  of  Cu  on  the 
optical  transitions. 


tion  on  the  electronic  structure  even  for  M=0  and  when  no 
Kerr  effect  is  present.  This  area  needs  further  analysis  and 
might  offer  interesting  new  results.3 

Extending  the  symmetry  analysis  to  the  magnetic  case 
we  determine  the  Kerr  rotations  for  different  configurations 
and  polarizations.  The  general  analysis  can  be  performed  by 
using  for  s  and  p  polarization  (see  Ref.  4) 
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Kerr  effect  is  a  sensitive  probe  of  the  magnetic  and  electronic 
structure  at  interfaces. 


B.  Symmetry  and  Kerr  rotation 

That  SHG  is  very  symmetry  sensitive  is  furthermore  par¬ 
ticularly  demonstrated  by  its  polarization  dependence  and  by 
the  remarkable  enhancement  of  the  Kerr  rotation.  The  latter 
important  result  was  first  theoretically  derived  by  Pustogowa 
et  al }  and  later  observed  in  experiments  by  Bohmer  et  al 9 
and  Koopmans  et  al10 

First,  we  note  that  due  to  the  symmetry  sensitivity  SHG 
exhibits  a  corresponding  polarization  dependence,  which  in¬ 
terestingly  is  very  different  for  transition  and  noble  metals.3 
The  latter  results,  since  s  and  d  electrons  feel  the  breakdown 
of  inversion  symmetry  at  the  interface  differently.  This  sym¬ 
metry  dependence  mainly  results  from  the  matrix  elements  in 
*(2),  see  Eq.  (2).  The  different  possible  optical  excitations 
contributing  to  ^(2)  for  noble  and  transition  metals  are  illus¬ 
trated  in  Fig.  5.  Obviously,  SHG  yields  interesting  informa- 


where  in  the  longitudinal  configuration  the  susceptibility  ten¬ 
sor  is  given  by 
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Here,  <f>  and  cp  denote  the  angles  of  polarization  of  the  re¬ 
flected  frequency  doubled  and  of  the  incident  light,  Ap  s  are 
the  amplitudes,  fc>s  and  Fc  s  are  the  Fresnel  coefficients,  and 
ts  p  are  the  linear  transmission  coefficients  for  the  fundamen¬ 
tal  light.  Then,  from 


<42)~Re 
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FIG.  5.  Illustration  of  second  harmonic  generation  from  noble  metals  [(a) 
and  (b)]  and  transition  metals  [(c)  and  (d)].  For  noble  metals,  in  case  (a)  no 
d  electrons  can  be  optically  excited,  which  in  contrast  is  possible  in  case  (b). 
In  case  (c)  for  transition  metals,  predominantly  d  electrons  contribute  to  the 
SHG  yield,  whereas  in  case  (d)  the  excitation  starts  from  the  5  band.  Note, 
the  cases  (a)  and  (c)  refer  to  low-frequency  excitations  while  (b)  and  (d) 
correspond  to  high-frequency  excitation. 


we  determine  the  Kerr  rotation  for  the  polar  and  longitudinal 
configuration  and  for  s  and  p  polarized  incident  light.  The 
following  results  are  obtained:  For  the  longitudinal  configu¬ 
ration  (M || )  and  p  (s)  polarized  incident  light  one  gets 
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^  iXyxx  '  a2XyzZ 
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For  the  polar  configuration  (M±)  and  p  ( s )  polarized  inci¬ 
dent  light  one  gets 
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angle  of  incidence  0  (deg.) 


FIG.  6.  Nonlinear  Kerr  rotation  angles  for  p  polarized  incident  light 
(full  and  short-dashed  curves)  and  for  5  polarized  incident  light  4$s  (long- 
dashed  and  dotted  curves)  for  Fe  at  770  nm  as  a  function  of  the  angle  of 
incidence  6  in  the  longitudinal  Kerr  configuration.  The  relative  phase  be¬ 
tween  xfxx^xfyy  and  Xul is  <Pi  =0-50577  in  the  full  and  long-dashed  curves 
and  <p2  =  1-50577  in  the  short-dashed  and  dotted  curves. 
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The  coefficients  au  . . .  ,a12  contain  explicitly  the  whole  in¬ 
formation  about  the  Kerr  geometry  (directions  of  light  inci¬ 
dence  and  polarization,  crystal  magnetization)  and  about  the 
linear  transmission  and  reflection  (see  Ref.  4). 

Summarizing  the  results,  we  find  that  generally 
(f>^)M±<  4%)My  and  <f>%l>  4$p ,  which  is  in  agreement  with 
the  experiment  by  Koopmans  et  al10  Numerical  results  of 
our  theory  using  as  input  parameters  the  phase  ratio  of  the 
various  different  tensor  elements  from  Ni  and  linear  complex 
indices  of  refraction  are  presented  in  Fig.  6.  These  results 
demonstrate  clearly  that  the  nonlinear  Kerr  angle  depends 
sensitively  on  the  direction  of  the  magnetization  and  the  in¬ 
cident  beam,  as  well  as  on  the  light  polarization.  Depending 


on  the  experimental  conditions  the  nonlinear  Kerr  angle 
might  become  even  as  large  as  90°.  Moreover,  also  the  el- 
lipticity  will  yield  correspondingly  large  magnetic  effects. 
From  these  results  we  conclude  that  the  enhanced  nonlinear 
Kerr  rotation  allows  for  the  determination  of  easy  axis  and 
canted-spin  configurations  due  to  large  magnetic  contrast  of 
different  interfaces. 

This  selective  discussion  demonstrates  the  usefulness  of 
nonlinear  magneto-optics  as  a  promising  spectroscopy.  Our 
results  show  that  SHG  is  a  new  sensitive  tool  for  determining 
magnetic  interface  properties  such  as  the  interplay  of  struc¬ 
ture  and  magnetism,  magnetic  anisotropy,  and  magnetic  re¬ 
orientation.  In  contrast  to  linear  optics,  which  probes  charac¬ 
teristic  film-averaged  features,  the  nonlinear  Kerr  effect 
originates  essentially  from  the  surface  and  interfaces  and 
thus  allows  the  analysis  of  buried  interfaces. 

For  future  studies  on  the  nonlinear  magneto-optical  Ken- 
effect  it  will  be  interesting  to  analyze  magnetic  anisotropy 
and  easy  axis,  magnetic  structure  and  domains,  multilayers, 
and  magnetostriction  effects.  Nonlinear  optics  at  interfaces  is 
a  bulk-background-free  technique  and  therefore,  should  yield 
a  pronounced  visibility  of  quantum  well  states  and  enhanced 
nonlinear  paramagnetic  Kerr  oscillations  in  the  presence  of 
an  external  field. 

An  important  future  development  of  the  nonlinear  Ken- 
effect  might  result  from  femto-second  dynamics  which  is 
able  to  follow  the  charge  and  spin  dynamics  of  metallic  in¬ 
terfaces  in  real  time  without  involving  the  lattice. 
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Second  harmonic  generation  from  magnetic  materials  is  shown  to  lead  to  a  nonlinear 
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Applications  for  the  study  of  magnetic  surfaces,  thin  films,  and  multilayers  will  be  discussed. 
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I.  INTRODUCTION 

When  linearly  polarized  light  is  incident  on  a  magnetic 
material,  the  reflected  beam  will  be  elliptically  polarized, 
with  the  major  axis  of  the  polarization  ellipse  rotated  with 
respect  to  the  incident  plane  of  polarization.  The  origin  of 
this  magneto-optical  Kerr  effect  (MOKE)  lies  in  the  spin- 
orbit  coupling  that  leads  to  a  difference  in  the  refraction  co¬ 
efficient  for  left-  and  right-handed  circularly  polarized  light. 
This  spin-orbit  coupling  acts  like  a  magnetic  field  on  the 
current  induced  by  the  electromagnetic  field  of  the  incident 
light.1  This  should  also  hold  for  the  nonlinear  contributions 
of  the  induced  current,  that  are  the  origin  of  optical  second 
harmonic  generation  (SHG),  leading  to  a  nonlinear  magneto¬ 
optical  Ken'  effect  (NOMOKE).  Based  on  symmetry  argu¬ 
ments,  Ru-Pin  Pan  et  al  indeed  showed  that  the  presence  of 
a  magnetization  would  lead  to  new,  nonzero  surface  contri¬ 
butions  to  the  nonlinear  optical  response.2  At  the  same  time, 
Hiibner  and  Bennemann  calculated  the  nonlinear  magneto¬ 
optical  spectrum  of  Ni,  based  on  a  spin  dependent  band 
structure  calculation.3  They  showed  that  this  should  indeed 
lead  to  observable  effects,  with  magnetic  contributions  to  the 
nonlinear  tensor  coefficients  of  more  than  10%.  First  experi¬ 
mental  evidence  for  such  a  NOMOKE  was  given  by  Reif 
et  al.  for  an  Fe(110)  surface,4  whereas  Spierings  et  al 
showed  the  first  NOMOKE  results  from  buried  Co/Au 
interfaces.5  From  a  SHG  study  of  Y2.5Bi0.5Fe5O12  films,  Akt- 
sipetrov  et  al  reported  a  nonlinear  Kerr  rotation  between  1 0 
and  4°,  that  was  significantly  larger  than  the  linear  one.6 
These  observations  triggered  much  theoretical  and  experi¬ 
mental  research.  Reif  et  al  showed  the  presence  of  a  mag¬ 
netic  circular  dichroism  in  the  SHG  reflection  from  the 
Heussler  alloy  PtMnSb,  as  well  as  a  large  nonlinear  Kerr 
rotation  of  14°, 7  which  is  an  order  of  magnitude  larger  than 
its  linear  Kerr  angle  of  1.1°.  Interface  and  monolayer  sensi¬ 
tivity  was  successfully  demonstrated  by  Wierenga  et  al}'9 
and  nonlinear  circular  dichroism  by  Fiebig  et  al  ,10  whereas 
enormous  enhancements  of  the  nonlinear  Kerr  rotation  were 
observed  for  a  thin  Fe/Cr  film  by  Koopmans  et  al.u  Theo¬ 
retically,  these  large  enhancements  appeared  to  follow  from 
the  differences  in  the  solutions  for  the  Maxwell  equations  for 
the  nonlinear  and  linear  case,12  and  the  differences  in  the 
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symmetry  properties  of  the  linear  and  nonlinear 
susceptibilities.11  In  combination  with  the  intrinsic  surface 
and  interface  sensitivity  of  the  SHG  response13  these  large 
NOMOKE  effects  are  particularly  interesting  for  the  study  of 
surface  magnetism. 

SHG  arises  from  the  nonlinear  polarization  P(2 oj)  in¬ 
duced  by  an  incident  laser  field  E(o>).  This  polarization  can 
be  written  as  an  expansion  in  E(<u) 

P(2<u)  =  ^2)E(cu)E(co)  +  ^(3)E(a>)VE(a>)H - .  (1) 

The  lowest  order  term  in  Eq.  (1)  describes  an  electric  dipole 
source.  Symmetry  considerations  show  that  this  contribution 
is  zero  in  a  centrosymmetric  medium,  thus  limiting  electric 
dipole  radiation  to  the  interfaces  where  inversion  symmetry 
is  broken.  The  bulk  second  harmonic  can  now  be  described 
in  terms  of  the  much  smaller  electric  quadrupolelike  contri¬ 
butions  [second  term  in  Eq.  (1)].  However,  because  of  the 
large  volume  difference  between  interface  and  bulk,  this  does 
not  necessarily  mean  that  the  total  bulk  second  harmonic 
signal  is  negligible.  Interface  sensitivity  needs  to  be  verified 
for  any  given  system.  Following  the  approach  of  Pan,  Wei, 
and  Shen,2  it  is  convenient  to  separate  the  SH  susceptibility 
into  an  even  ( x+ )  and  an  odd  (*~)  part  in  the  magnetization 
M.  Thus,  the  induced  SH  polarization  at  an  interface  P(2 al) 
is  given  by 

Pi(2o>)  =  xtjkmEjEk^x7jk(M)EjEk ,  (2) 

where  E  is  the  local  excitation  field  at  frequency  a>  at  the 
interface,  and  we  implicity  assumed  a  summation  over  the 
repeated  indices.  The  introduced  susceptibilities  fulfill 
Xi]k(~ M)==±^^(M).  In  the  following  we  will  drop  the  ex- 


TABLE  I.  The  nonzero  elements  of  the  SH  susceptibility  tensor  for  an 
isotropic  surface  in  the  longitudinal  configuration  (M I  lx).  The  two  columns 
list  the  elements  that  are  even  and  odd  in  the  magnetization,  respectively. 
The  occurrence  of  the  elements  in  the  p-  and  5-input  configuration  is  indi¬ 
cated  within  parenthesis. 
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plicit  M  dependence  of  xtjk-  For  a  given  surface  symmetry 
the  xtjk  and  Xtjk  can  he  easily  derived  (see  Table  I).  In  the 
longitudinal  configuration  and  for  pure  p-  or  s-input  polar¬ 
ization  we  find  that  all  nonzero  xtjk  elements  have  ie{x,z}, 
giving  rise  to  p -polarized  SHG.  All  nonzero  xtjk  elements 
have  i=y,  always  resulting  in  s -polarized  SHG.  From  this  it 
follows  that  the  SHG  polarization  ellipses  for  ±M  are  each 
other’s  mirror  image  in  the  plane  of  incidence,  and  we  can 
define  a  nonlinear  Kerr  angle  in  correspondence  with  its 
linear  counterpart  Pustogowa  and  Hiibner  have  shown 
that  for  the  longitudinal  configuration  and  are 
given  by 


x{2)~ 

-(2p++(/z.O.) 
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(3) 


tan 


M)+ 


sin  0}  cos 


X w’  Vcos2  Ot  +  x oM 


(4) 


in  which  and  “  are  the  nonmagnetic  and  magnetic 
contributions  to  *(1).  The  big  difference  between  the  expres- 
sions  for  3>^2)  and  is  the  factor  l/^cos2  O^x oM  in  Eq. 
(4).  This  factor  causes  a  small  value  for  <t>y}  but  is  not 
present  in  the  nonlinear  case.  Therefore  it  is  clear  that  the 
nonlinear  Kerr  rotation  for  all  6t  is  always  enhanced  by  a 
factor  \/cos2  Above  this  effect,  in  the  nonlinear 

case  one  can  select  large  magnetic  *(2)  contributions  by  a 
proper  choice  of  input  polarization  and  angle  of  incidence. 
This  is  in  contrast  with  the  linear  case  where  one  always 
deals  with  small  off-diagonal  magnetic  terms  [>”(*>)]  rela¬ 
tive  to  large  diagonal  nonmagnetic  terms  [*+ Mi¬ 


ll.  EXPERIMENTAL  RESULTS  AND  ANALYSIS 

The  experiments  on  the  nonlinear  Kerr  rotation  from 
thin,  centrosymmetric  magnetic  films  were  stimulated  by  the 
prediction  of  large  enhancements  of  by  Pustogowa  and 
Hiibner.12  To  enable  direct  comparison  with  their  theoretical 
results,  experiments  were  performed  on  Fe  thin  films  and 
single  crystals.  All  experiments  were  done  ex  situ  and,  there¬ 
fore,  required  protective  cover  layers.  The  first  sample  con¬ 
sisted  of  a  thin  Fe  film  (thickness  2  nm),  covered  with  a  2  nm 
Cr  film  deposited  by  rf-diode  and  dc  magnetron  sputtering, 
respectively.  As  a  substrate  we  used  a  (100)  silicon  wafer, 
with  a  thermal  oxide  layer  of  about  525  nm.  The  substrate 
was  on  a  rotating  table,  which  moved  with  a  velocity  of  0.96 
and  3.97  m/min  underneath  the  Fe  and  Cr  targets,  respec¬ 
tively.  Both  targets  were  equipped  with  screens  for  getting 
uniformity  of  the  layer  thickness  better  than  1%.  The  base 
pressure  was  2X  1(T7  Torr  and  the  Ar  pressure  was  5  mTorr. 
For  the  second  harmonic  experiments  we  used  the  770  nm 
output  of  a  mode-locked  (80  MHz)  Ti-sapphire  laser.  The 
pulse  width  was  70  fs  and  the  input  power  was  100  mW 
focused  on  a  spot  diameter  of  100  pm.  The  experiments 
were  done  in  the  longitudinal  configuration,  i.e.,  the  magne¬ 
tization  M  was  in  the  plane  of  the  sample  and  in  the  optical 
plane  of  incidence  (see  inset  Fig.  1).  Figure  1  shows  the 
polarization  dependence  of  the  SH  signal  for  an  s -polarized 
input  at  an  angle  of  incidence  of  45°  and  for  M  along  x  and 
-x  respectively.  The  difference  between  the  two  minima  of 


analyzer  angle  a  (deg.) 

FIG.  1.  Output  polarization  dependence  of  SHG  reflection  from  an  Fe/Cr 
multilayer,  for  ^-polarized  input.  Squares:  M||x,  dots  M||— x.  The  inset 
shows  the  experimental  configuration. 


the  curves  corresponds  to  20^^34°,  i.e.,  a  nonlinear  Kerr 
rotation  of  17°.  In  this  geometry  we  measured  a  linear 
Kerr  angle  of  0.03°,  using  the  same  Ti-sapphire  input  beam. 
These  observations  correspond  to  an  enhancement  of  almost 
three  orders  of  magnitude  for  the  nonlinear  Kerr  rotation! 
The  small  linear  rotation  can  be  compared  with  the  bulk  Fe 
value  of  0.1°. 

The  nonlinear  Kerr  angle  can  be  expressed  in  the  5-  and 
p -components  of  the  reflected  SH  field,  denoted  by  Es(2<o) 
and  Ep{ 2 to),  respectively.  The  relevant  tensor  components 
and  their  appearance  for  5-  and  p  -polarized  input  are  shown 
in  Table  I.  Defining  R=Rt[Es(2(o)!Ep(2o))], 
I=lm[Es(.2o>)IEp(2o))]  and  A2=R2+I2  we  get 

3>k2)=^arctan[2fl/(l— A2)]  +  0o  (5) 

with  <£0=0  for  A2=£  1 ,  <f>0=90°  for  A2>  1  and  R^0,  and 
<p0=-90°  for  A2>1  and  R< 0.  Equation  (5)  is  completely 
analogous  to  expression  (3).  It  is  easily  verified  that  in  the 
limit  A  <8 1  Eq.  (5)  reduces  to  <f>{P  =  R.  However,  the  nonlin¬ 
ear  case  generally  is  far  from  this  limit,  since  can  be- 
come  as  large  as  90°. 

Inspection  of  Table  I  shows  that  the  5 -input  configura¬ 
tion  is  particularly  simple,  with  only  one  even,  xtyy*  anc*  one 
odd,  Xyyy ,  contributing  element  per  interface.  For  normal  in¬ 
cidence,  only  the  Xyyy  contribution  survives.  From 
Ep( 2(o)  =  0  we  then  find  <F^2)=±90°.  Moving  away  from 
normal  incidence,  the  ratio  \Es(2o))IEp{2o))\  and,  as  a  con¬ 
sequence,  |<D^2)|  decreases  so  that  &P  is  tunable  over  a 
wide  range  while  scanning  the  angle  of  incidence. 

A  similar  argument  for  a  large  close  to  normal  in¬ 
cidence  is  found  for  a  ;? -polarized  input  configuration.  Table 
I  shows  that  close  to  normal  incidence,  the  dominating  even 
tensor  components  have  one  z  index,  and  thus  vanish  at  nor¬ 
mal  incidence,  whereas  the  dominant  odd  tensor  element, 
Xyxx,  is  finite  at  normal  incidence. 

Fig.  2  shows  the  observed  nonlinear  Kerr  rotation  for 
both  s-  and  p -polarized  input  as  a  function  of  the  angle  of 
incidence.  We  observed  a  small  in-plane  anisotropy  in  our 
experimental  results  that  is  possibly  induced  by  the  sputter¬ 
ing  process.  The  plotted  data  in  Fig.  2  have  been  averaged 
over  this  azimuthal  anisotropy.  The  solid  curves  in  Fig.  2  are 
theoretical  fits,  based  on  the  multiple  reflection  model,  with 
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FIG.  2.  Nonlinear  Kerr  rotation  <&P  for  an  Fe/Cr  multilayer  as  a  function  of 
the  angle  of  incidence.  Dots:  s-input  polarization,  diamonds:  p-input  polar¬ 
ization.  The  curves  are  theoretical  fits. 


the  unknown  interface  tensor  elements  of  Table  I  as  param¬ 
eters  and  the  following  assumptions.  Only  the  Fe  is  expected 
to  contribute  to  the  magnetic  (odd)  nonlinear  susceptibility 
because  the  Cr  film  is  antiferromagnetic.  Furthermore,  the 
top  Cr  layer  will  be  oxidized,  so  that  the  major  contribution 
to  the  nonmagnetic  nonlinear  susceptibility  is  also  expected 
to  originate  from  the  Fe  film.  Therefore  we  assigned  effec¬ 
tive  SH  susceptibilities  to  the  Fe  and  Cr  layer  together.  We 
verified  that  the  actual  position  within  the  Cr/Fe  top  layer  did 
not  significantly  change  the  results  of  our  fits.  In  addition  to 
these  SH  sources  at  the  top  layer,  we  incorporate  a  nonmag¬ 
netic  SH  source  at  the  Si/oxide  interface.  The  bulk  optical 
constants  of  the  metals  and  silicon  were  obtained  from  Refs. 
14  and  15,  respectively.  Because  of  the  limited  number  of 
parameters  involved  in  the  s -polarization  configuration  (xyyy 
and  Xzyy  at  t0P  layer,  and  \tyy  at  the  Si/oxide  interface) 
one  finds  a  unique  fit  to  these  experimental  data  points.  The 
fit  in  Fig.  2  includes  a  relative  maximum  of  |<&^}|  near 
0^65°,  that  is  due  to  an  enhancement  effect  through  mul¬ 
tiple  reflections  in  the  thick  silicon  oxide  layer.  Similar,  but 
smaller,  enhancement  factors  due  to  a  substrate  are  also 
known  for  the  linear  Kerr  angle.16 

For  the  p -polarization,  several  combinations  of  tensor 
elements  give  satisfying  fits.  Figure  2  gives  one  such  solu¬ 
tion,  obtained  by  choosing  fixed  values  for  the  relative  phase 
factors  and  fitting  the  absolute  values  of  the  tensor  compo¬ 
nents.  At  45°  angle  of  incidence,  we  experimentally  find  for 
the  p  input  <F^)  =  4.90. 

These  results  show  that  for  a  proper  understanding  and 
analysis  of  the  nonlinear  response  the  total  electro-magnetic 
response,  linear  and  nonlinear  including  multiple  reflections, 
has  to  be  considered.  The  importance  of  such  substrate  ef¬ 
fects  can  be  illustrated  in  the  following  way.  From  our  thin- 
film  analysis  we  can  simply  calculate  the  response  of  an  Fe 
surface  by  letting  the  thickness  of  the  Fe  film  go  to  infinity. 
Similarly,  we  can  vary  the  thickness  of  the  silicon  oxide 
layer  for  the  thin-film  structure. 

Figure  3  shows  the  results  of  such  simulations.  For  the 
thin  oxide  layer,  the  enhancement  effect  around  0,  =  6O°  has 
totally  vanished,  which  demonstrates  the  importance  of  the 


FIG.  3.  Nonlinear  Kerr  rotation  for  an  Fe/Cr  multilayer  and  a  bulk  Fe 
surface  for  5 -polarized  input  as  a  function  of  the  angle  of  incidence.  The 
bold  solid  line  is  the  theoretical  fit  of  Fig.  2.  The  dashed  line  is  a  simulation 
for  of  a  clean  Fe  surface,  based  on  the  multilayer  fit.  The  dotted  line  is 
a  simulation  for  $>(p  for  an  Fe/Cr  multilayer  on  a  silicon  wafer  with  a  10 
nm  oxide. 


multiple  reflections  and  of  the  local  field  effects  and  thus  the 
role  of  the  substrate. 

For  the  bulk  surface,  Fig.  3  shows  a  smooth  variation  of 
&P  as  a  function  of  the  angle  of  incidence.  In  accordance 
with  Eq.  (5),  Fig.  3  shows  the  can  be  tuned  at  will 
between  0°  and  90°,  by  varying  the  angle  of  incidence.  This 
is  a  direct  result  of  the  fact  that  near  normal  incidence,  the 
even  contribution  x^y  +  vanishes,  whereas  the  odd  magnetic 
term  Xxyy~  giyes  a  finite  contribution. 

The  prediction  of  this  large  tunable  nonlinear  Kerr  rota¬ 
tion  was  confirmed  by  experiments  on  single  crystalline  Fe 
whiskers.17  The  (100)  surfaces  of  the  whiskers  were  capped 
by  molecular  beam  epitaxy  grown  Au  and  Cr  layers,  while 


angle  of  incidence  (deg.) 


FIG.  4.  Linear  and  nonlinear  Kerr  rotation  for  an  Fe  surface  for  5 -polarized 
input  in  the  longitudinal  configuration  as  a  function  of  the  angle  of  inci¬ 
dence.  Triangles:  Fe/Cr,  Dots:  Fe/Au,  Squares:  uncapped  Fe.  The  solid  line 
is  a  theoretical  fit  for  the  Fe/Cr  sample.  The  dotted  line  is  the  theoretical 
prediction  for  a  clean  Fe  surface  from  Ref.  11.  The  inset  shows  for 
p  -polarized  input.  The  open  circle  is  the  calculation  from  Ref.  12. 
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FIG.  5.  Experimental  wavelength  dependence  of  the  nonlinear  (dots)  and 
linear  (squares)  Kerr  angle  of  Fe  for  the  5-input  longitudinal  configuration  at 
an  incident  angle  of  45°. 

some  experiments  were  also  performed  on  uncapped,  oxi¬ 
dized  Fe  whiskers.  The  experiments  were  done  using  the  833 
nm  output  of  the  Ti-sapphire  laser.  Figure  4  shows  the  mea¬ 
sured  angular  dependence  of  the  nonlinear  Kerr  rotation  in 
the  longitudinal  configuration  and  s -polarized  excitation.  In 
Fig.  4  the  experimental  results  can  be  seen  for  an  Fe  sample 
with  a  Cr  top  layer,  an  Fe  sample  with  an  Au  top  layer,  and 
for  an  uncapped  oxidized  Fe  sample.  We  find  a  maximum 
Kerr  angle  of  80°  at  an  angle  of  incidence  of  6°.  This  corre¬ 
sponds  to  an  enhancement  of  more  than  a  factor  103,  com¬ 
pared  with  the  value  for  the  linear  Kerr  rotation  of  0.03°  as 
obtained  in  the  same  experimental  setup,  using  the  funda¬ 
mental  incident  beam.  The  solid  line  in  Fig.  4  is  a  theoretical 
fit  for  the  Fe/Cr  sample  based  on  Eq.  (5)  and  a  model  for 
SHG  from  interfaces.18  Furthermore,  the  experimental  results 
are  in  quite  good  agreement  with  the  predicted  behavior  from 
Fig.  3. 

The  inset  in  Fig.  4  shows  the  experimental  results  for  the 
longitudinal  configuration  with  p  -polarized  incident  light.  In 
Table  I  it  can  be  seen  that  now  we  are  dealing  with  two  odd 
tensor  components,  both  of  which  give  rise  to  ^-polarized 
SHG  and  three  even  components  which  produce  p -polarized 
SHG.  Therefore  it  is  to  be  expected  that  for  the  same  inci¬ 
dence  angles  the  ratio  \Es(2co)/Ep(2co)\  and  thus  will 
be  smaller  compared  to  the  5-input  configuration.  Near  nor¬ 
mal  incidence  the  influence  of  the  components  Xijk  with  a 
“z”  for  z,  j,  or  k  will  again  be  small.  Since  all  even  tensor 
components  have  at  least  one  z  index  the  p -polarized  SHG 
will  then  be  small.  The  5 -polarized  SHG,  which  is  now 
dominated  by  Xyxx*  *s  finite*  The  result  is  that  for  small 
angles  of  incidence  the  Kerr  rotation  will  again  increase. 
This  is  clearly  confirmed  by  our  experiments,  but  seems  in 
contradiction  with  the  theoretical  6t  dependence  of  Ref.  12. 
However,  there  one  has  only  considered  the  odd  component 
XyZZ  that  also  vanishes  near  normal  incidence.  At  an  angle  of 
incidence  of  45°  the  experimental  and  theoretical  configura¬ 
tions  should  be  equivalent.  Here  we  find  T>^2)=  1.2°  in  ex¬ 
cellent  agreement  with  the  theoretical  prediction  of  1 .4°  from 
Pustogowa  and  Hiibner.12  In  a  recent  article,  the  latter  au¬ 
thors  have  included  the  proper  Fresnel  dependence  in  their 
expression  for  showing  excellent  agreement  with  our 
experimental  findings.19 


FIG.  6.  Magnetic  contrast  p  for  an  uncapped  Fe  surface  for  5 -polarized  input 
in  the  transversal  configuration  as  a  function  of  the  angle  of  incidence.  The 
solid  line  is  a  theoretical  fit.  The  inset  shows  the  experimental  configuration. 

In  the  longitudinal  configuration  we  also  measured  the 
wavelength  dependence  of  both  <i>^  and  at  an  angle  of 
incidence  of  45°  (see  Fig.  5).  The  average  value  for 
<J>y}  =  0.062°,  in  excellent  agreement  with  the  bulk  Fe  value 
of  0.061°  of  Ref.  20.  Figure  5  shows  that  in  the  tuning  range 
of  the  Ti:  sapphire  laser  the  Kerr  rotations  are  constant,  in 
agreement  with  the  theoretical  prediction  of  Pustogowa 
et  alu  From  their  calculations  it  follows  that  for  a 
strong  wavelength  dependence  is  expected  above  900  nm 
and  below  600  nm.  Future  experiments  in  these  wavelength 
ranges  are  certainly  desirable. 

In  the  transversal  configuration  (M  along  the  y  axis)  for 
p-  or  5-input  polarization,  Xijk=®  for  i—y  (see  Table  I). 
This  means  that  the  SHG  signal  will  always  be  p  polarized. 
Changing  the  direction  of  the  magnetization  will  not  affect 
the  plane  of  polarization  but  it  has  an  influence  on  the  total 
SH  signal.  The  magnetic  contrast  can  be  defined  as 

I(2o),q-mqout,M  )  /(2cu,^in<70Ut>^f  ) 

P w in(? out) =  j^2,(o,q mq out , M + )  T I {2 o) , q mq out > 1 

where  I(2a),qmq0UtM+)  and  I(2a),q[nq0Ut,M ”)  are  the 
q inq 0^  polarized  SH  intensities  for  opposite  directions  of  the 
magnetization.  In  Fig.  6  our  results  for  psp  from  the  un¬ 
capped  Fe  sample  can  be  seen  while  the  inset  in  Fig.  6  shows 
the  experimental  configuration.  Similar  results  were  obtained 
for  the  Fe/Au  sample.  The  dependence  of  the  angle  of  inci¬ 
dence  is  again  easily  understood  with  the  help  of  Table  I.  For 
small  incident  angles  the  z  component  of  the  E  vector  of  the 
SH  signal  will  be  small.  This  means  that  the  odd  tensor  com¬ 
ponent  Xxyy  wifi  dominate,  resulting  in  large  magnetic  ef¬ 
fects.  However,  in  the  limit  of  normal  incidence  there  will 
only  be  an  odd  contribution  and  no  magnetic  effects  will  be 
seen,  as  p  depends  on  the  interference  between  x+  and  X~- 
The  solid  line  in  Fig.  6  is  a  theoretical  fit  of  Eq.  (6)  assuming 
only  the  Fe  surface  to  contribute  to  the  SH  signal. 

III.  SUMMARY  AND  CONCLUSIONS 

In  this  article  we  have  shown  how  the  reflected  SHG 
signal  from  magnetic  surfaces  displays  nonlinear  magneto¬ 
optical  Kerr  effects  that  are  several  orders  of  magnitude 
larger  than  their  linear  equivalents.  The  reasons  for  these 
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enormous  enhancements  are  both  the  differences  in  the  solu¬ 
tions  of  the  e.m.  wave  equations  as  well  as  the  differences  in 
the  symmetry  properties  of  the  nonlinear  and  linear  optical 
tensors.  The  experimental  results  that  have  been  obtained  so 
far  are  in  excellent  agreement  with  the  theoretical  predictions 
(Recently,  polar  NOMOKE  effects  have  also  been 
measured).21 

The  large,  interface  sensitive  magneto-optical  effects  of¬ 
fer  great  possibilities  to  use  this  nonlinear  technique  for 
studying  the  magnetic  properties  of  surfaces  and  interfaces  of 
very  thin  films  and  multilayers,  an  area  of  intense  research 
nowadays. 
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Symmetry  of  the  magneto-optic  response  of  the  Sagnac  interferometer 

J.  S.  Dodge,  L.  Klein,  M.  M.  Fejer,  and  A.  Kapitulnik 

Department  of  Applied  Physics,  Stanford  University,  Stanford,  California  94305 

We  demonstrate  the  application  of  the  Sagnac  interferometer  to  magneto-optic  measurements  at  an 
oblique  angle  of  incidence.  With  an  appropriate  choice  of  polarization  states  for  the  two 
counter-propagating  beams,  a  wide  variety  of  magneto-optic  effects  may  be  measured,  in  the 
absence  of  an  external  perturbing  field,  with  a  sensitivity  of  a  few  hundred  nanoradians.  Using 
simple  symmetry  analysis  of  the  conventional  Kerr  rotation  measurement  geometry,  we  may 
distinguish  contributions  to  the  non-reciprocal  phase  shift  due  to  the  polar,  longitudinal  and 
transverse  Kerr  effects,  and  consequently  completely  determine  the  magnetization  vector  direction, 
averaged  over  the  probed  region.  Magneto-optic  hysteresis  loops  were  taken  on  a  permalloy  film  to 
demonstrate  the  effectiveness  of  the  new  technique.  We  discuss  the  relevance  of  the  Sagnac 
interferometer  to  magnetic  microscopy  and  to  the  study  of  magnetic  anisotropies  in  thin  films. 
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The  Sagnac  interferometer  (SI)  has  proven  to  be  a  useful 
instrument  for  sensitive  magneto-optic  (MO) 
measurements.1-3  Very  general  arguments  based  on  the 
Helmholtz  reciprocity  theorem  show  that  the  SI  can  only  be 
sensitive  to  effects  which  break  time-reversal  symmetry, 
such  as  the  linear  magneto-optic  effects.4  The  selective  sen¬ 
sitivity  of  the  Sagnac  to  MO  effects  is  its  chief  advantage 
over  conventional,  polarimetric  measurement  techniques,  as 
it  allows  one  to  perform  measurements  with  a  sensitivity  of 
500  nrad /\[Hz,  in  the  absence  of  the  perturbing  magnetic 
field  which  is  typically  used  to  ensure  that  the  measured 
effect  has  a  magnetic  origin.  This  advantage  is  most  apparent 
in  applications  such  as  microscopy  and  magnetic  relaxation 
measurements,  which  must  be  performed  in  constant  mag¬ 
netic  field.3  In  near-field  scanning  optical  microscopy  espe¬ 
cially,  depolarizing  topographic  features  can  be  difficult  to 
distinguish  from  magnetic  features,  a  difficulty  which  the  SI 
overcomes  by  its  very  nature.5-8  In  previous  work,  the  appli¬ 
cation  of  the  SI  has  been  limited  to  normal-incidence  Kerr 
and  Faraday  rotation  measurements.  In  this  work,  we  dem¬ 
onstrate  the  more  general  application  of  the  SI  to  magneto¬ 
optic  Ken-  measurements  at  oblique  incidence,  and  show  that 
symmetry  arguments  allow  us  to  determine  all  three  vector 
components  of  the  magnetization  by  appropriate  analysis  of 
the  MO  response. 

The  SI  measures  intensity  changes  due  to  interference 
between  counter-propagating  waves,  from  which  we  can  in¬ 
fer  the  relative  phase  shift  between  them.9  By  using  only  one 
of  the  polarization  eigenmodes  of  a  single-mode,  polariza¬ 
tion  maintaining  fiber  to  guide  the  light  through  most  of  its 
path  in  the  interferometer,  we  ensure  that  the  two  counter- 
propagating  waves  travel  along  identical  paths.  One  wave 
can  then  be  thought  of  as  the  time-reversed  reciprocal  of  the 
other,  and  consequently  any  phase  shift  between  them  must 
result  from  an  effect  which  breaks  time-reversal  symmetry. 
To  measure  magneto-optic  effects  in  reflection,  we  break  the 
fiber  loop  and  insert  collimating  optics,  together  with  the 
bulk  optics  shown  in  Fig.  (1).  We  use  pairs  of  \/2  and  X/4 
retardation  plates  to  transform  the  polarization  states  from 
the  linear  eigenmode  of  the  fiber  to  arbitrary  polarization 
states,  Pj  and  P2,  which  we  write  as  Jones  vectors  in  a  car¬ 
tesian  basis.10  The  polarizers  at  both  ends  of  the  optics  train 


serve  as  polarization  filters  for  the  reflected  beams.  The  two 
beams  are  reflected  from  a  magnetized  sample,  and  the  natu¬ 
ral  coordinate  system  for  describing  the  magnetization  direc¬ 
tion,  in  which  we  denote  each  coordinate  by  the  name  of  its 
associated  magneto-optic  effect,  is  indicated.  The  only 
source  of  non-reciprocal  phase  shift  in  the  interferometer  is 
the  magnetized  sample,  so  we  may  neglect  the  rest  of  the 
interferometer  and  calculate  only  the  relative  phase  shift  be¬ 
tween  the  two  beams  as  they  traverse  the  space  between  two 
imaginary  observation  planes  $\  and  (92 ,  indicated  in  the 
diagram. 

Conceptually,  it  is  helpful  to  represent  the  behavior  of 
the  single-mode  fibers,  polarizers  and  retardation  plates  by 
two  pairs  of  idealized  optical  elements,  a  polarized  planar 
source  and  a  coherent,  polarization  sensitive,  spatially  fil¬ 
tered  detector.11  One  of  each  is  located  at  each  of  the  obser¬ 
vation  planes,  as  indicated  in  Fig.  2.  We  denote  each  mono¬ 
chromatic  source  field  at  its  plane  of  origin  by 
E?rc(r,t)  =  Ejrc(r)e_'w/,  and  the  field  which  the  source  gen¬ 
erates  at  its  plane  of  detection  by  E*rc  (r,t)  =  Ejrc  ( r)e~l(ot . 
The  field  which  the  coherent  detector  at  accepts  will  sim¬ 
ply  be  the  reciprocal  of  corresponding  source  field, 
Efet(r,t)  =  Ei*(r)e“*w'.  Throughout,  we  will  assume  that 
both  the  incident  and  reflected  field  amplitudes  are  described 
by  a  single  polarization  state  over  the  whole  field  profile,  so 
that  we  may  write  Efrc  (r)  =  E-rc  (r)P1.  This  assumption  will 
not  generally  hold  if  the  sample  is  inhomogeneous,  but  the 
treatment  given  here  may  be  extended  to  such  cases  by  fol¬ 
lowing  the  standard  treatment  in  Fourier  optics  of  coherent 
imaging.2,12  In  practice,  the  optics  are  aligned  so  that  the 
scalar  part  of  all  of  the  above  fields  are  identical,  described 
approximately  by  Gaussian  functions  £°(r).  We  may  then 
represent  reflection  from  a  material  with  magnetization  vec¬ 
tor  M  by  a  reflectivity  matrix  R(  M)  which  acts  only  on  the 
polarization  state,  so  that  E*™  (r)  =  E°(r)^(M)P1  >2.  For  fixed 
source  fields,  the  complex  amplitude  a'(E^rc(r),E|rc(r),M) 
which  the  source  at  excites  in  the  detector  at  will  be 
given  by  the  overlap  integral  between  the  two  fields: 

a( E? rc( r ) , Ej re( r ) , M)  =  J  Ef‘*(r)  •  E?rc'(r)^r 
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=  j)  E-rc( r)  ■  E- rc (r)dr, 

*Pj-[/?(  M)PJ.  (1) 

The  non-reciprocal  phase  shift  between  the  beams  will  be 


<Pm(  Ejrc( r ) » E]rc(  r) ,  M)  =  Arg 


I  a(E?rc(r),E|rc(r),M)\ 
\  a(Ejrc(r),Ejrc(r),M)/ 


(2) 


If  the  sample  is  nonmagnetic,  then  by  the  symmetry  of  the 
kinetic  coefficients  its  dielectric  tensor  €tj  must  be 
symmetric,13  and  the  Helmholtz  reciprocity  theorem  holds:4 


E|rc'(r).Efc(r  )dr=  Es™\r)-Efc(r)dr.  (3) 

J  J 

This  implies  that  the  phase  shift  given  by  Eq.  (2)  is  zero,  as 
expected.  If  the  sample  is  magnetized,  then  the  dielectric 
tensor  will  develop  off-diagonal  terms,  Eq.  (3)  no  longer 
holds,  and  we  may  detect  a  non-zero  <pnr .  The  SI  is  dynami¬ 
cally  biased  to  produce  a  voltage  signal  which  is  proportional 
to  the  phase  shift  multiplied  by  the  average  optical  power  at 
the  detector,  so  the  measured  signal  is  roughly  proportional 
to  <pnrX  |a(Eirc(r),E]rc(r),M)|2.  The  magnitude  of  the  sig¬ 
nal  due  to  this  non-reciprocity  will  depend  on  the  details  of 
the  optical  constants  of  the  material,  the  nature  of  the  bound¬ 
ary  conditions,  the  polarization  states  Pj  and  P2,  and  the 
direction  of  the  magnetization.  Symmetry  considerations  will 
help  us  choose  polarization  states  which  provide  useful  in¬ 
formation  about  the  magnetization  state  under  fairly  general 
circumstances,  simplifying  our  analysis  considerably. 

We  consider  the  case  of  an  isotropic  sample  magnetized 
in  an  arbitrary  direction.  Shelankov  and  Pikus  have  discussed 
the  constraints  which  time-reversal  symmetry,  together  with 
a  variety  of  other  crystal  symmetries,  impose  on  the  reflec¬ 
tivity  matrix.11  Our  analysis  parallels  theirs,  and  the  reader 
may  refer  to  their  work  for  more  details  concerning  the  in- 


Beam  1  Beam  2 


3fc<Pl>  f<Pi>  -X<P2> 


FIG.  2.  Idealized  schematic  of  two  beams,  with  planar,  monochromatic 
sources  and  coherent,  polarization  sensitive,  spatially  filtered  detectors. 


FIG.  3.  Symmetries  of  the  experimental  apparatus  for  different  choices  of 
the  polarization  states.  When  P2-C2PX,  the  polar  effect  is  not  measured. 
When  P2  =  avP  i,  the  longitudinal  effect  is  not  measured.  The  operation  av 
transforms  the  magnetization  as  shown  because  it  is  a  pseudovector. 
P-polarized  states  satisfy  both  symmetries  and  measure  only  the  transverse 
effect. 


fluence  of  crystal  symmetry  and  gyrotropy  on  our  results. 
Neglecting  these  effects,  we  can  see  that  there  are  two  trans¬ 
formations  which  will  map  the  source  plane  of  one  beam 
onto  the  source  plane  of  the  other:  (i)  C2,  a  180°  rotation 
about  the  film  normal,  and  (ii),  crv ,  a  reflection  through  the 
plane  perpendicular  to  both  the  film  surface  and  the  plane  of 
incidence.  We  may  choose  Px  and  P2  to  satisfy  one  or  both  of 
these  symmetries,  as  shown  in  Fig.  3.  By  doing  so,  we  elimi¬ 
nate  the  contribution  of  one  or  more  magnetization  directions 
to  the  magneto-optic  response.  Consider  the  case  P2=C2Pi- 
Rotation  changes  the  sign  of  both  the  transverse  and  the 
longitudinal  components  of  the  magnetization,  but  leaves  the 
polar  component  unchanged.  Thus  symmetry  requires  that  a 
sample  magnetized  in  the  polar  direction  will  have  the  same 
response  to  each  beam,  producing  zero  relative  phase  shift 
between  them,  while  the  magnetization  along  the  transverse 
or  longitudinal  directions  will  typically  yield  a  finite  shift.  In 
a  similar  way,  by  choosing  P1=cri;P2  we  will  observe  no 
longitudinal  response.  If  Px  and  P2  are  linear,  p-polarized 
states,  then  both  symmetries  are  satisfied  and  only  the  trans¬ 
verse  component  gives  a  finite  response  (s-polarized  states, 
due  to  their  symmetry  under  reflection  in  the  plane  of  inci¬ 
dence,  yield  no  response  whatsoever).  Limiting  ourselves  to 
the  linear  response  the  magnetization,  with  coupling  con¬ 
stants  a ,  we  may  summarize  these  statements  by  the  follow¬ 
ing  equations: 

“Pnr(  M,  Ejre(  r) )  =  <pnr(  Efrc(  r) ,  C2E  jrc(  r ) ,  M) 

=  ap,tMt+ap,iMl,  (4a) 

‘Pni-C  M,  Eirc(  r) ) = <pnr(  Eirc(  r) ,  a  v  Ejrc(  r) ,  M) 

=  arLtM ,+ ai'PM p ,  (4b) 

=  <pnr( Es( r ) , Es( r) , M)  =  a7uMt .  (4c) 

A  bar  above  the  magnetization  direction  indicates  that  this 
component  is  forbidden  by  symmetry  from  contributing  to 
the  signal.  These  three  phase  shifts  may  all  be  determined 
simply  by  changing  the  orientations  of  the  retardation  plates 
shown  in  Fig.  1.  By  determining  the  five  coupling  constants, 
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FIG.  4.  Raw  data  from  a  hysteresis  loop  in  a  permalloy  film. 


we  can  use  Eqs.  (4)  to  calculate  the  complete  magnetization 
vector  from  a  measurement  of  the  three  phase  shifts. 

To  verify  this  analysis,  we  have  observed  hysteresis 
loops  in  a  permalloy  film.  Measurements  of  the  three  phase 
shifts  described  in  Eqs.  (4)  are  shown  in  Fig.  4.  In  these 
measurements,  the  sample  was  mounted  on  goniometers  for 
precise  alignment  to  the  surrounding  optics,  and  the  field  was 
swept  with  a  small  horseshoe  magnet  oriented  in  the  plane  of 
incidence.  The  field  had  a  small  component  in  the  transverse 
direction,  which  produced  the  finite  phase  shift  (p^r  seen  in 
the  saturated  part  of  the  loops.  All  polarizing  optics  were 
carefully  aligned  to  satisfy  the  required  symmetry  relations; 
we  estimate  the  error  in  this  alignment  to  be  less  than  1  mrad 
for  any  one  component.  In  Eqs.  (4),  the  transverse  magneti¬ 
zation  contributes  to  all  three  phase  shifts,  and  must  be  sub¬ 
tracted.  We  obtained  a^t ,  a'Ut  and  directly  by  rotating 
the  magnet  to  saturate  the  magnetization  in  the  transverse 
direction  and  measuring  each  of  the  three  phase  shifts.  We 
obtained  the  constant  api  in  a  similar  way.  We  then  scaled 
the  hysteresis  loop  for  cp^T  accordingly  and  subtracted  it  from 
the  other  two  loops.  Demagnetization  energy  forces  the  mag¬ 
netization  to  lie  in  the  plane  of  the  film,  and  the  curves  for 
cp^  and  are  in  fact  proportional.  We  could  not  easily 
saturate  the  permalloy  in  the  polar  direction  to  measure 
aj>t ,  but  after  subtracting  the  transverse  contribution  to 

cplm,  the  remaining  phase  shift  was  zero  within  the  noise  of 
the  measurement,  so  we  may  safely  take  Mp~ 0.  Fig.  5 
shows  the  normalized  magnetization  components  Mt  and 
Mi  which  we  derive  from  the  data  in  Fig.  4.  The  data  nicely 
show  the  effectively  coherent  rotation  of  the  magnetization 
during  much  of  the  loop.  As  the  field  is  increased  from  -25 
Oe,  the  magnetization  rotates  toward  the  transverse  direction. 
Up  to  about  +5  Oe,  the  magnitude  of  the  magnetization 
|M|  remains  constant  as  Mt  increases.  Above  5  Oe,  we  ob¬ 
serve  a  rounding  off  of  the  transverse  magnetization,  while 
the  longitudinal  component  switches  abruptly.  The  SI  mea¬ 
sures  the  average  magnetization  in  the  beam  area,  so  the 
reduction  of  |M|  in  this  field  range  indicates  that  the  switch¬ 
ing  occurs  by  domain  formation,  preventing  cp^r  from  reach¬ 


-30  -20  -10  0  10  20  30 

Field  (Oe) 


FIG.  5.  Normalized  magnetization  components  Mt  and  M,  calculated  from 
the  data  in  Fig.  4. 

ing  its  maximum  value.  This  behavior  is  similar  to  that  seen 
in  other  thin  films  with  uniaxial  anisotropy.14 

We  should  emphasize  that  the  symmetry  properties  of 
the  SI  allow  us  to  perform  these  measurements  in  static  or 
zero  applied  field  as  well  as  for  the  hysteresis  loops  shown 
here.  We  recently  demonstrated  the  advantage  of  this  capa¬ 
bility  in  normal  incidence  measurements  by  correlating  the 
structural  domain  size  in  SrRu03  with  the  magnetic  domain 
size  observed  after  cooling  through  the  Curie  point  in  zero 
field.3  It  may  be  interesting  to  apply  the  techniques  described 
here  to  the  study  of  spin  reorientation  transitions  in  epitaxial 
magnetic  films.15,16  The  ability  to  discriminate  clearly  be¬ 
tween  the  longitudinal  and  the  polar  orientations  is  an  at¬ 
tribute  which  could  be  especially  useful  here.  In  microscopy 
with  magneto-optic  contrast,  these  capabilities  could  be  use¬ 
ful  for  characterizing  magnetic  anisotropy  variations  in  thin 
films  on  a  microscopic  scale.17  The  symmetry  considerations 
are  quite  general  and  can  be  extended  to  a  wide  range  of 
experimental  geometries. 
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Second-order  magneto-optic  effects  in  anisotropic  thin  films  (abstract) 

R.  M.  Osgood  III,  B.  M.  Clemens,  and  R.  L.  White 

Department  of  Materials  Science  and  Engineering,  Stanford  University,  Stanford,  California  94305-2205 

The  signal  measured  in  a  magneto-optic  Kerr  effect  (MOKE)  experiment  is  normally  assumed  to  be 
proportional  to  the  component  of  the  magnetization  (M)  along  a  certain  axis.1  We  have  observed 
significant  effects  from  the  M2  term  in  the  magneto-optic  response  (i.e.,  in  the  rotation  and/or 
ellipticity,  which  can  be  thought  of  as  the  real  and  imaginary  parts  of  the  same  quantity2)  from  films 
with  in-plane  magnetization  and  in-plane  magnetic  anisotropy.  These  films  were:  epitaxial  Fe(110)/ 

Mo(110)  bilayers  and  multilayers,  thin  Fe  films  with  ion-bombardment  induced  anisotropy,  Co(110) 
thin  films,  and  NiFe  films  with  anisotropy  induced  with  a  field  during  deposition.  In  all  of  these 
films,  the  in-plane  anisotropy  created  a  coherently  rotating  magnetization  (as  evidenced  by 
measurement  of  the  component  of  the  magnetization  perpendicular  to  the  applied  field)  that 
contributed  a  large  M2  term  to  the  magneto-optic  response  when  an  external  field  was  applied  close 
to  parallel  to  the  hard  axis  of  the  film.  The  M2  term  in  the  magneto-optic  response  changed  sign  as 
H  was  rotated  through  the  hard  axis  and  reached  a  minimum  when  H  was  applied  nearly  parallel 
(±0.5°)  to  the  hard  axis,  thus  providing  a  sensitive  indication  of  the  location  of  the  sample’s  hard 
axis.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)48008-3] 
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Spectroscopic  Kerr  investigations  of  CoNi/Pt  multilayers 
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Co^Ni^/Pt  multilayers  with  x  =  0.4  and  0.5  were  sputtered  onto  Si  substrates.  Magnetic  and 
spectroscopic  magneto-optic  measurements  (1.4 -5. 2  eV)  reveal  a  Kerr  rotation  up  to  —0.48°  at 
about  4.5  eV  for  a  sample  with  rectangular  hysteresis  loop,  about  170  kA/m  coercivity,  and  a  Curie 
temperature  of  about  300  °C.  Pt  layers  could  be  made  extremely  thin  (2.9  A)  without  loss  of 
perpendicular  anisotropy  and  rectangular  hysteresis  loop.  Simulations  show  that  the  Kerr  rotation 
peak  shifts  back  from  4.5  to  3.9  eV  with  increasing  number  of  bilayers.  ©  1996  American  Institute 
of  Physics.  [S002 1-8979(96)  13208-6] 


I.  INTRODUCTION 

The  interest  in  Co/Pt  based  multilayers  as  magneto¬ 
optical  recording  material  is  due  to  several  merits:  the  high 
magneto-optical  (MO)  output  at  short  wavelengths,1  due  to 
the  polarized  Pt2  or  alloy  layers3  at  the  interfaces,  the  high 
corrosion  resistance,  and  the  high  perpendicular  anisotropy 
Keff  in  very  thin  layers.  A  disadvantage  is  the  relatively  high 
Curie  temperature  Tc ,  which  reduces  rewritability.  By  alloy¬ 
ing  Co  with  another  element,  Tc  can  be  lowered,  but  the 
favorable  properties  of  Co/Pt  should  be  preserved  in  the  new 
material.  We  tried  to  alloy  Co  with  Ni,4  as  the  magnetic 
phase  diagram5  indicated  that  T c  decreases  significantly  with 
Ni  content.  Recently,  this  was  confirmed  by  a  study  of 
CoX/Pt  multilayers.6 

II.  EXPERIMENT 

CoNi/Pt  multilayers  (ML)  were  prepared  by  magnetron 
sputtering  from  2  in.  sputter  guns  in  argon  pressures 
8^  ^48  fi bar.  The  guns  were  equipped  with  shutters  and 

the  time  between  deposition  of  subsequent  layers  was  about 
2  s.  The  target-substrate  distance  was  fixed  at  100  mm, 
which  keeps  the  substrate  relatively  plasma  free.  The 
samples  were  prepared  on  2  in.  Si  (111)  wafers,  which  were 
cleaned  in  a  standard  way  before  insertion.  The  ML  always 
consisted  of  a  Pt  base  layer  (typically  400  A)  and  a  stack  of 
17  or  18  bilayers.  Sputter  rates  were  between  1  and  2.5  A/s. 
The  background  pressure  before  deposition  was  <10  8 
mbar.  Layer  thicknesses  were  measured  by  x-ray  diffraction 
(XRD)  (low  and  high  angle)  and  Dektak  surface  profiler, 
both  on  thick  layers  (of  CoNi  resp.  Pt)  and  on  ML.  The 
bilayer  peak  was  visible  up  to  Par=40  //bar.  Above  that  the 
structure  is  too  distorted  to  observe. 

Kerr  rotation  0K  and  ellipticity  eK  of  uncoated  samples 
were  measured  in  the  range  1.4 -5. 2  eV  by  a  homemade, 
automated  setup  applying  the  photoelastic  modulator 
principle.7-9  The  accuracy  was  about  0.001°,  and  an  auto¬ 
matic  calibration  for  both  0K  and  eK  is  performed  before 
each  measurement.  Details  of  this  calibration  will  be  pub¬ 
lished  elsewhere.  A  sample  heater  in  the  Kerr  setup  served  as 
the  Tc  measurement  stage. 

Magnetic  measurements  were  carried  out  with  a 
vibrating-sample  magnetometer  (VSM)  (tfmax=3  T,  resolu¬ 


tion  5X10  9  Am2)  and  a  homemade  torque  meter 
(//max=L8  T,  resolution  3X1CT9  Nm). 

III.  RESULTS  AND  DISCUSSION 

Perpendicular  (1)  anisotropy  was  found  for  both 
Co40Ni60/Pt  and  Co50Ni50/Pt  ML  in  the  range  4^?CoNi^20 
A,  where  rPt«  15  A.  The  1  anisotropy  was  found  for  very 
thin  Pt  layers:  a  17 X  (5.5  A  Co40Ni60/2.8  A  Pt)  ML  still  had 
Keff> 0.  Keff  can  be  decomposed  in  a  surface  and  a  volume 
anisotropy  (. Ks  resp.  Kv)  by10 

^magn^-eff”  tmagnKy,  (1) 

where  fmagn  is  the  thickness  of  the  magnetic  layer. 

For  the  50%  (40%)  Co  multilayers  Ks=0.26  (0.21) 
mJ/m2  and  Kv--251  (-185)  kJ/m3  were  found.  These  val¬ 
ues  are  in  good  agreement  with  others.11,12  The  maximum  1 
anisotropy  was  found  for  5^rCoNi^8  A  in  both  cases. 

Figure  1  displays  spectroscopic  Kerr  measurements  of  a 
series  of  230  A  Pt+17X(X  A  Co50Ni50/14.7  A  Pt).  The  thin¬ 
nest  magnetic  layer  (3.8  A  CoNi)  gives  the  lowest  0K .  In  this 
case  MSCoNi  is  also  very  low,  which  suggests  that  the  mag¬ 
netic  layers  are  not  continuous.  0K  increases  gradually  with 
increasing  tCoNi  to  a  maximum  of  about  -0.30°  at 
^50=25  A.  Thicker  CoNi  layers  did  lower  0K  (not 
drawn).  Enhancement  due  to  more  CoNi  in  the  skin-depth 
region  is  counteracted  by  the  reduction  of  the  amount  of 
polarized  Pt  in  this  region,  which  is  dependent  on  the  number 
of  interfaces. 

It  is  clear  that  0K  at  lower  photon  energies  increases  with 
increasing  fCoNi  and  the  features  of  the  Co  and  Ni  spectra 
(e.g.,  the  peak  in  0K  around  1.5  eV)  become  more  pro¬ 
nounced.  The  same  can  be  seen  for  eK ,  where  the  spectrum 
for  the  sample  with  25  A  CoNi  layers  resembles  a  mix  of  the 
bulk  Co  and  Ni  curves.  The  MO  contribution  of  polarized  Pt 
at  high  photon  energies  is  found  for  thin  magnetic  layers. 

The  samples  with  Jco50Ni50=5.0,  6.3,  and  8.8  A  have  1 
anisotropy  and  unity  squareness.  Of  these,  only  the  first 
sample  has  a  rectangular  hysteresis  loop,  and  therefore 
*Co50Ni50=5  A  was  chosen  as  the  starting  point  for  a  Pt  thick¬ 
ness  variation.  Figure  2  displays  the  spectroscopic  Kerr  mea¬ 
surements  for  A,  and  /Pt=14.7,  8.4,  and  5.9  A. 

Even  the  5.9  A  sample  is  perpendicular,  in  contrast  to  Co/Pt 
ML’s  with  similar  layer  thicknesses.  At  high  photon  energies 
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FIG.  1.  Spectroscopic  Kerr  measurements  for  230  A  Pt+17 
X(X  Co50Ni5(/14.7  A  Pt).  The  series  ranges  from  X=3.8  to  25  A. 


FIG.  2.  Spectroscopic  Kerr  measurements  for  three  samples  with  decreasing 
Pt  thickness.  The  samples  are  100  A  Pt+17X(5  A  Co50Ni50/X  Pt)  with 
X=  5.9,  8.4,  and  14.7  A. 


0K  increases  considerably  with  decreasing  ?Pt.  The  maxi¬ 
mum  value  is  0^=— 0.48°  for  £Pt= 5.9  A,  and  this  is  the 
highest  value  observed  by  us  for  any  CoNi/Pt  ML.  With 
decreasing  fPt  the  energy  at  which  the  peak  occurs  shifts  up 
from  4.0  to  4.6  eV.  This  shift  is  due  to  the  decreasing  total 
layer  thickness,  as  will  be  shown  by  simulations  in  the  next 
paragraph.  Spectroscopic  studies  of  Co/Pt  multilayers,13,14 
CoPt  alloys,14,15  and  CoNi/Pt  multilayers11  did  not  reveal 
such  peak  shifts,  as  those  results  are  all  taken  of  MLs  that 
are  optically  thick. 

Figure  3  shows  the  Kerr  hysteresis  loop  of  the  sample 
with  a  stack  of  5  A  CoNi/5.9  A  Pt,  taken  at  4.13  eV.  The  loop 
features  unity  squareness  and  high  rectangularity.  This 
sample  was  sputtered  at  40  yubar,  which  results  in  a  high 
170  kA/m.  Although  high  P ^  is  a  poor  way  to  intro¬ 
duce  a  morphology  that  supports  a  high  Hc  (due  to  the  in¬ 
crease  in  media  noise),  Fig.  3  demonstrates  that  it  is  possible 
to  make  a  CoNi/Pt  multilayer  with  high  rectangularity,  high 
Hc ,  and  high  0K  at  short  wavelengths. 

IV.  SIMULATION  OF  KERR  EFFECTS 

Because  the  thickness  of  these  MLs  is  of  the  order  of  the 
skin  depth16  (which  is  between  10.5  and  13.5  nm  for  Co,Ni 
and  Pt  between  1.5  and  4.0  eV),  it  is  of  interest  to  estimate 
the  Kerr  effects  for  an  optical  thick  ML.  Using  a  simulation 
based  on  the  mathematical  approach  of  Visnovsky17  the  Kerr 
effects  for  arbitrary  N  were  calculated  using  the  measure¬ 
ment  results  for  the  thin  ML  as  a  starting  point.  In  this  way  it 
is  possible  to  estimate  the  Kerr  effect  of  a  thick  ML  from  the 


measurement  of  a  thin  one.  The  approach  was  as  follows: 
(1)  Calculate  the  MO  Voigt  constants  Q(X)  of  either  polar¬ 
ized  Pt  or  CoNiPt  alloy  layers  at  the  interface  by  fitting  these 
constants  in  such  a  way  that  the  calculation  gives  the  same 
0K  and  eK  as  the  measurement. 

(2)  These  Q(X)  are  used  to  calculate  the  0K  and  eK  for 
a  hypothetical  N  bilayer  medium,  with  arbitrary  N. 

The  layer  structure  of  our  “best  sample,”  including  the 
Pt  seedlayer  and  100  nm  of  the  Si  substrate,  was  used  as 
input  for  the  simulation.  Now  one  can  either  assume  that 
alloyed  layers  occur  at  the  interface,  or  that  no  alloying  oc¬ 
curs,  and  Pt  polarizes  at  the  interfaces.  For  the  alloyed  layer, 
a  weighted  mix  of  the  optical  constants  of  its  constituents 
was  taken.  Both  schemes  were  applied  with  several  thick¬ 
nesses  of  the  polarized  resp.  the  alloyed  layer,  and  negligible 
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FIG.  3.  Kerr  hysteresis  loop  at  £photon=4.13  eV  for  100  A  Pt+17X(5  A 
Co50Ni50/5.9  A  Pt).  The  loop  has  good  rectangularity,  which  is  imperative 
for  MO  recording. 
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FIG.  4.  Simulated  Kerr  rotation  and  Kerr  ellipticity  for  several  numbers  of 
bilayers  N.  Measurement  of  100  A  Pt+  17X(5  A  Co50Ni50/5.9  A  Pt)  (points) 
was  taken  as  a  starting  point  for  the  simulations. 

differences  between  these  schemes  were  found.  This  corre¬ 
sponds  to  the  expectation  that  such  a  thin  stack  behaves  as  a 
single  optical  layer.  For  the  following  a  3  A  alloy  layer 
model  was  taken.  In  Fig.  4  measurement  and  simulations  are 
shown  for  N=  10,  30,  and  100. 

According  to  the  simulations  the  maximum  0Kmax 
should  be  reached  at  about  30  bilayers.  0K>max  calculated  by 
simulations  of  A- 20,  25,  40,  and  50  (not  drawn)  was  lower 
than  in  the  N=  30  case.  6^>max  for  N=  30  occurs  at  about  4. 1 
eV,  which  is  in  good  agreement  with  reported  results  for 
Co/Pt.  0K  decreases  for  N<  17.  In  the  range  1.5-4  eV  the 
simulated  optical  thick  layer  has  a  higher  dK  than  the  thin 
one.  The  UV  peak  for  N~  100  occurs  at  a  £ph0ton~3.9  e^- 
This  is  slightly  lower  than  the  4.2  eV  that  is  expected  for  the 
contribution  of  Pt  in  Co/Pt  ML’s  and  it  is  certainly  lower  than 
the  peak  position  in  the  measurement.  The  simulation  for  the 
optical  thick  layer  (N=  100)  gives  0K  m&x  =  -0.46°.  This  is 
lower  than  the  measurement  for  N=  17  (0K— —0.48°),  but 
for  application  purposes  it  occurs  at  a  much  more  favorable 
photon  energy. 


The  simulated  eK  decreases  faster  with  increasing  pho¬ 
ton  energy  and  the  overall  output  is  larger  (both  positive  and 
negative)  than  in  the  measurement. 

V.  CONCLUSIONS 

Co^Nij  mJC/Pt  ML’s  with  jc-  0.4  and  0.5  were  prepared  by 
magnetron  sputtering.  Perpendicular  anisotropy  was 
achieved  up  to  /coNi=20  A  for  both  compositions.  A  sample 
of  17  X  (5  A  Co40Ni60/2.8  A  Pt)  was  still  perpendicular.  We 
attribute  this  to  the  lower  magnetic  moment  of  CoNi  com¬ 
pared  to  pure  Co,  which  on  its  turn  reduces  the  demagnetiz¬ 
ing  field.  0K—  -0.48°  was  found  for  17 X (5  A  Co50Ni50/5.9 
A  Pt).  A  large  Hc  (170  kA/m)  and  high  squareness  were 
other  features  of  this  sample. 
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Electrodeposition  is  being  investigated  as  a  novel  and  low-cost  method  to  prepare  magneto-optic 
thin  film  and  nanostructured  materials.  This  deposition  method  allows  precise  control  over  thin-film 
properties  and  permits  deposition  of  novel  magnetic  geometries.  Multilayers  and  alloys  can  be 
deposited  and  controlled  by  adjusting  deposition  potentials  and  ion  concentrations  in  the  bath. 
Nickel/cobalt  alloys  have  been  electrodeposited  from  sulfamate,  sulfate,  and  chloride  solutions  onto 
Au  substrates.  The  optical  properties  were  monitored  in  situ  with  a  real-time  spectroscopic 
ellipsometer  measuring  simultaneously  at  44  wavelengths  in  the  410-750  nm  spectral  range.  In  situ 
measurements  have  the  advantage  of  determining  the  material  microstructural  properties  (thickness, 
density,  and  roughness)  before  the  films  are  oxidized  in  the  air  ambient.  Ex  situ  variable  angle 
spectroscopic  ellipsometry  measurements  were  taken  over  the  spectral  range  from  205  to  1000  nm. 
©  1996  American  Institute  of  Physics.  [S0021 -8979(96)  13308-2] 


I.  INTRODUCTION 

Sputtered  Co/Ni  and  Co/Pt  nanometer  thick  multilayers 
can  exhibit  perpendicular  magnetization  and  have  previously 
been  investigated  as  possible  recording  materials.1,2  Elec¬ 
trodeposition  is  investigated  as  a  possible  processing  tech¬ 
nique  for  similar  magneto-optic  materials.  Alloys  can  be 
plated  from  an  electrolyte  containing  ions  of  each  of  the 
elements  to  be  plated.  The  ratio  of  ions  in  the  electrolyte  will 
have  a  direct  effect  on  the  thin-film  alloy  ratio,  and  the  alloy 
ratio  can  be  controlled  by  adjusting  the  electrolyte  constitu¬ 
ents.  This  control  is  desirable  for  many  magneto-optic  mate¬ 
rials  because  of  the  effects  of  alloy  ratios  on  Curie  tempera¬ 
ture,  coercivity,  optical  response,  and  magneto-optic 
response.  Control  of  the  compensation  temperature  in 
TbFeCo  is  an  example. 

A  full  electromagnetic  analysis  of  the  multilayer  bound¬ 
ary  value  problem,  including  dielectric  tensor  representation 
for  all  constituent  layers,  can  provide  information  about  ob¬ 
served  optical  and  magneto-optical  phenomena.3  Predictive 
modeling  with  this  analysis  method  allows  the  optimization 
of  magneto-optic  disk  performance.4  Accurate  material  prop¬ 
erties  (optical  and  magneto-optical  constants)  are  necessary 
to  simulate  the  optical  and  magneto-optical  responses  of  a 
disk  structure. 

In  order  to  accurately  model  the  material  thickness  and 
microstructure,  in  situ  spectroscopic  ellipsometry  measure¬ 
ments  were  taken  during  the  electrodepositions.  This  allows 
the  materials  to  be  studied  before  oxidation,  and  thus  the  true 
material  optical  constants  can  be  used  for  predictive  model¬ 
ing.  The  in  situ  measurements  also  allow  diagnostics  of  time 
dependent  growth  effects.  Optimization  of  the  thin-film 
thicknesses  and  microstructure  could  be  implemented  by  per¬ 
forming  predictive  modeling  and  then  controlling  the 
growth. 


II.  EXPERIMENTAL  PROCEDURE 

Electrodeposition  of  cobalt/nickel  multilayers  and  alloys 
were  carried  out  from  the  following  electrolyte:  90  g// 
nickel  sulfamate,  30  g//  boric  acid,  and  X  g//  of  cobalt 
chloride  (where  X  is  varied).  Both  potentiostatic  and  gal- 
vanostatic  depositions  were  performed  using  a  Princeton  Ap¬ 
plied  Research  (PAR)  Model  173  potentiostat/galvanostat.  A 
three  electrode  cell  configuration  was  used  in  which  the 
working  electrode  consisted  of  the  substrate  to  be  plated  on, 
the  counter  electrode  was  a  platinum  foil,  and  the  reference 
electrode  was  a  saturated  calomel  electrode.  A  PAR  Model 
179  coulometer  was  used  to  monitor  the  charge  passing 
through  the  sample  during  the  deposition. 

An  electrochemical  cell  was  designed  with  optical  ports 
to  allow  ellipsometry  measurements  through  the  liquid.  An 
in  situ  spectroscopic  ellipsometer  (J.  A.  Woollam  Co.,  Inc.) 
was  used  to  study  the  deposition  processes.  The  in  situ  ellip¬ 
someter  allowed  44  wavelengths  to  be  measured  simulta¬ 
neously  over  the  spectral  range  from  410  to  750  nm  every  40 
ms. 

A  series  of  cobalt/nickel  multilayers  and  alloys  were 
electrodeposited  on  optically  thick  gold  films.  The  gold  sub¬ 
strates  were  prepared  by  sputter  deposition  on  silicon  wafers. 
A  chromium  underlayer  was  first  sputter  deposited  on  the 
silicon  substrate  to  act  as  an  adhesion  layer  for  the  gold. 
X-ray  fluorescence  measurements  were  taken  on  the  series  of 
samples  to  determine  the  thin-film  cobalt-to-nickel  alloy  ra¬ 
tio. 

In  situ  spectroscopic  ellipsometry  measurements  were 
also  taken  on  each  of  these  films  during  deposition.  This 
measurement  tool  allows  the  determination  of  the  optical 
constants  and  thin-film  thicknesses  of  the  deposited  layer  and 
their  time  dependencies.  The  galvanostatic  depositions  were 
modeled  with  a  constant  growth  rate  material  model. 
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(a)  Wavelength  (nm) 


FIG.  1.  (a)  and  (b):  Comparison  of  optical  constants  determined  from  in  situ 
spectroscopic  ellipsometry  and  those  from  Palik.  (Ref.  5). 


III.  RESULTS 

The  optical  constants  and  growth  rates  were  determined 
from  in  situ  spectroscopic  ellipsometry  measurements  taken 
during  the  electrodeposition  process.  The  optical  constants 
for  cobalt  and  nickel  were  in  reasonable  agreement  with  val¬ 
ues  from  the  literature,  as  shown  in  Fig.  1,  with  the  differ¬ 
ences  for  cobalt  probably  due  to  surface  roughness.5  A  com¬ 
parison  between  growth  rates  determined  by  in  situ 
ellipsometry  and  coulometric  calculations  was  also  in  good 
agreement.6 

Ex  situ  spectroscopic  ellipsometry  measurements  on  the 
optically  thick  cobalt/nickel  alloys  showed  a  basic  trend  of 
increasing  e1  and  decreasing  e2  as  the  cobalt  ion  concentra¬ 
tion,  X,  was  increased.  The  pseudo-dielectric  constants  from 
in  situ  ellipsometry  for  one  of  the  cobalt/nickel  alloys  are 
shown  in  Fig.  2.  The  film  is  optically  thick  after  5  min  of 
deposition  (time  period  shown),  yet  the  dielectric  constants 
continue  to  change  with  time.  A  roughness  layer  from  effec¬ 
tive  medium  theory  was  able  to  account  for  the  changes  dur¬ 
ing  the  early  stages  of  film  growth,  but  failed  as  the  films 
continued  to  roughen.  The  in  situ  evidence  that  the  films 
were  roughening  with  increasing  thickness  was  confirmed  by 
ex  situ  interference  microscope  measurements.  Alloys  of 
cobalt/nickel  deposited  to  the  same  final  thickness  were 
found  to  have  increasing  roughness  with  increasing  cobalt 
concentration.  Therefore,  in  order  to  predict  the  optical  re¬ 
sponse  of  these  electrodeposited  materials,  care  must  be 


FIG.  2.  (a)  and  (b):  Pseudo-dielectric  optical  constants  during  the  elec¬ 
trodeposition  of  a  cobalt/nickel  alloy  thin  film. 


given  to  provide  the  correct  optical  model.  Further  calcula¬ 
tions  using  a  model  without  the  inclusion  of  surface  rough¬ 
ness  would  give  incorrect  results  for  magneto-optic  con¬ 
stants.  If  the  thickness  is  to  be  optimized,  the  theoretical 
calculations  would  have  to  consider  the  time  dependent 
change  in  thin-film  optical  properties  during  the  growth 
which  would  give  rise  to  a  different  optical  and  magneto¬ 
optic  response  for  different  thin-film  thicknesses. 

Lashmore  et  ai,  have  investigated  electrodeposited 
copper/nickel  multilayers  for  investigation  of  giant  magne- 


Time  in  Minutes 


FIG.  3.  In  situ  spectroscopic  ellipsometry  parameter  (delta)  during  a  copper/ 
nickel  multilayer  electrodeposition. 
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toresistive  effects.7  We  have  used  in  situ  spectroscopic  ellip- 
sometry  to  study  the  electrodeposition  of  similar  multilayers. 
For  example,  the  ellipsometric  delta  parameter  during  a 
copper/nickel  multilayer  deposition  is  shown  in  Fig.  3.  The 
multilayers  are  deposited  from  the  same  solution  by  pulsing 
to  different  currents  (also  shown  in  Fig.  3). 

IV.  CONCLUSION 

Electrodeposition  is  an  interesting  technique  which  al¬ 
lows  the  processing  of  magneto-optic  materials.  Both  alloy 
and  multilayer  thin  films  have  been  formed  with  this  tech¬ 
nique.  In  situ  spectroscopic  ellipsometry  allowed  diagnostics 
of  the  electrodeposition  process.  The  optical  constants  from 
ellipsometry  are  in  good  agreement  with  those  from  the  lit¬ 
erature,  and  will  be  needed  to  optimize  any  magneto-optic 
device  structures. 
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Theoretical  predictions  of  the  polar  Kerr  effect  in  Fe  and  Co 

J.  M.  MacLaren  and  W.  Huang 

Department  of  Physics,  Tulane  University,  New  Orleans,  Louisiana  70118 

We  present  theoretical  calculations  of  the  magneto-optic  polar  Kerr  effect  in  bcc  iron,  fee  cobalt,  and 
hep  cobalt.  The  Kerr  angle  and  ellipticity  are  derived  from  the  optical  conductivity  tensor,  which  is 
computed  using  wave  functions  obtained  from  full  potential  local  spin-density  electronic  structure 
calculations.  Predicted  Kerr  angles  and  ellipticities  are  computed  as  a  function  of  magnetization 
direction.  In  the  case  of  iron,  the  calculated  Kerr  spectra  are  found  to  be  in  good  agreement  with 
experimental  results  and  previous  calculations.  However,  in  the  case  of  cobalt,  the  results  of 
previous  theoretical  studies  differ  significantly.  Our  results  are  in  close  agreement  with  experiment 
and  with  one  of  these  previous  theoretical  studies.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)  13408-9] 


The  rotation  of  plane  polarized  light  upon  reflection 
from  a  magnetic  surface,  the  magneto-optic  Kerr  effect,  has 
been  studied  extensively  experimentally  because  of  applica¬ 
tions  in  optical  data  storage.1,2  In  this  technology,  a  large 
magneto-optic  Kerr  effect  at  short  wavelengths  is  desired  in 
order  to  achieve  projected  aerial  storage  densities.  Co/Pt  and 
Co/Pd  superlattices  have  been  the  focus  of  much  research 
since  these  materials  exhibit  large  Kerr  rotations  and  the  pre¬ 
requisite  perpendicular  magnetic  anisotropy.3  In  order  for 
electronic  structure  calculations  to  be  useful  in  the  design  of 
novel  magneto-optic  materials,  they  should  demonstrate  ac¬ 
curacy  in  simpler  systems  such  as  the  3D  transition  metals. 
There  have  been  several  recent  theoretical  studies  of  the  Kerr 
effect  in  Fe  and  Co,  including  one  which  considered  the 
influence  of  magnetization  direction.4-6  All  of  the  calculated 
Kerr  spectra  for  Fe  are  in  good  agreement  with  each  other 
and  with  experiment.  However,  in  the  case  of  Co,  there  are 
significant  differences  between  the  various  calculations. 

The  magneto-optic  Kerr  effect  is  a  consequence  of  an 
asymmetry  in  the  refractive  indices  for  left-  and  right-handed 
circularly  polarized  light  which  results  from  the  combined 
effects  of  spin  polarization  and  the  spin-orbit  interaction.  In 
the  technologically  important  polar  Ken*  effect,  both  wave 
vector  and  magnetization  are  perpendicular  to  the  surface.  A 
straightforward  analysis  starting  from  the  Fresnel  relations 
for  reflection  from  a  surface  leads  to  the  following  expres¬ 
sion  for  the  complex  Kerr  angle: 


in  terms  of  the  elements  of  the  optical  conductivity  tensor 

(<v)- 

An  expression  for  the  optical  conductivity  tensor  at  fre¬ 
quency  w  in  a  periodic  solid,  derived  from  linear  response 
theory,  was  given  by  Wang  and  Callaway7 


k)n^,,/(r(k) 

l  k)  +  iS) 

t  n^,/v,(k)n;v,^(k)\ 

(w  +  0V'ff'yv(k)  +  /£)  / 


(2) 


where  e  and  m  are  the  electronic  charge  and  mass,  h 
Planck’s  constant,  ft  the  unit  cell  volume,  and  S=l/r,  where 
r  is  the  relaxation  time.  The  integral  is  over  the  Brillouin 
zone.  The  primed  (double  primed)  summations  are  over  oc¬ 
cupied  (unoccupied)  electronic  states,  is  the 

energy  difference,  E/tat{  k)  -  E/a(  k),  between  two  eigen¬ 
states  labeled  by  band  index  /  and  spin  cr.  The  matrix  ele¬ 
ments  of  the  momentum  operator  11^.  //o.,(k)  are  given  by 


In  the  calculations  presented  in  this  article,  the  spin-flip  term 
ft/4mc2[crXW(r)],  given  in  terms  of  the  Pauli  matrices  a 
and  one-electron  potential  V(r),  is  neglected.  In  addition  to 
the  interband  conductivity,  an  intraband  Drude  term  is  added 


(4) 

The  Drude  parameters  <x0  and  rD  were  taken  from  the  work 
of  Lenham  and  Treheme.8  The  Drude  term  is  only  significant 
for  photon  energies  less  than  about  1  eV,  and  thus  has  little 
effect  on  the  Kerr  angle  in  the  technologically  interesting 
range  of  3-4  eV.  In  evaluating  cra^{a>)  using  Eq.  (2),  we  have 
followed  the  approach  suggested  by  Oppeneer  et  al ,  namely 
to  keep  a  finite  value  of  <5  which  we  choose  to  be  0.03  Ry. 
The  other  common  approach  is  to  evaluate  in  the  sharp  limit 
0  and  use  Kramers -Kronig  relations  to  reconstruct  the 
full  conductivity  tensor.6 
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FIG.  1.  Kerr  angle  and  ellipticity  for  bcc  Fe.  Theoretical  data  shown  are  as 
follows:  solid  line,  this  work,  dashed  line  (Refs.  4  and  5).  Experimental  data 
shown  are  open  circles  (Ref.  15),  filled  circles  (Ref.  14). 


FIG.  2.  Kerr  angle  and  ellipticity  for  fee  Co.  Theoretical  data  shown  are  as 
follows:  solid  line,  this  work,  long  dashed  line  (Ref.  6).  Experimental  data 
shown  are  open  diamonds  (Ref.  17). 


The  Bloch  states  ^vk(r)  and  energy  eigenvalues 
E/a(  k)  are  found  within  the  local  spin-density  approxima¬ 
tion  using  a  full  potential  linearized  augmented  Slater  orbital 
method  (FLASTO).  This  electronic  structure  method  has 
been  described  in  detail  in  other  references.9  Briefly,  the 
method  partitions  space  in  muffin-tin  spheres  and  an  intersti¬ 
tial  region.  Within  the  muffin-tin  spheres,  the  Bloch  wave 
functions  are  expanded  in  linear  combinations  of  4>  and  (j>  (<f> 
is  a  radial  solution  to  the  Schrodinger  equation  at  a  fixed 
energy  and  angular  momentum,  and  <fi  its  energy  derivative), 
while  in  the  interstitial  a  linear  combination  of  Slater-type 
orbitals  is  formed.  In  our  calculations  we  used  25  Slater-type 
orbitals  per  atom.  These  were  chosen  to  be  the  As,  3p,  3d, 
Af,  4 p,  Ad,  and  5  s  functions.  This  basis  has  sufficient  varia¬ 
tional  freedom  to  yield  answers  in  close  agreement  with  the 
full-potential  linearized  augmented  plane  wave  method,10  but 
with  a  significantly  smaller  matrix  size.  The  exponential  de¬ 
cay  constant  were  calculated  using  the  formula  given  by 
Davenport.9  A  further  benefit  of  this  method  is  that  the  ma¬ 
trix  elements  can  be  evaluated  over  the  unit  cell  exactly.  In 
calculations  which  use  the  muffin-tin  or  atomic  sphere  ap¬ 
proximations,  the  contribution  to  the  matrix  elements  from 
the  interstitial  region  is  difficult  to  evaluate,  and  care  must  be 
taken  in  dealing  with  the  integrals  over  this  region.  In  the 
FLASTO  approach,  the  wave  function  in  the  interstitial  is 
completely  described  by  its  Fourier  transform.  The  matrix 
elements  of  the  gradient  operator  are  easily  evaluated  be¬ 
tween  plane  wave  states  for  this  region.  Within  the  spheres, 
matrix  elements  of  gradient  operator  can  be  derived  from  the 
theory  of  angular  momentum.11  Details  about  our  technique 
will  be  the  subject  of  a  forthcoming  article.12  Once  self- 
consistent  electronic  potentials  have  been  obtained,  the  wave 
functions  and  eigenvalues  in  the  presence  of  the  spin-orbit 
interaction  are  formed  by  diagonalizing  the  Hamiltonian  us¬ 
ing  the  spin-orbitless  wave  functions  as  basis  functions13  (the 
so-called  second  variation  method).  Since  the  spin-orbit  per¬ 


turbation  is  small,  the  resulting  solutions  are  sufficiently  ac¬ 
curate  for  conductivity  calculations.  The  spin-orbit  interac¬ 
tion  lowers  the  symmetry  of  the  crystal,  thus  all  inequivalent 
wedges  of  the  Brillouin  zone  must  be  sampled. 

The  Kerr  angle  and  ellipticity  for  bcc  Fe  is  shown  in  Fig. 
1.  As  can  be  seen  from  this  figure,  the  predictions  of  the 
FLASTO  calculations  are  in  agreement  with  those  of  Oppe- 
neer  et  al4,5  and  with  two  experimental  studies,  one  by 
Krinchik  and  Artem’ev14  and  the  other  by  van  Engen.15 
These  calculations  assumed  the  magnetization  direction  to  be 


FIG.  3.  Kerr  angle  and  ellipticity  for  hep  Co  with  the  magnetization  along 
the  [0001]  direction.  Theoretical  data  shown  are  as  follows:  solid  line,  this 
work,  long  dashed  line  (Ref.  6),  dashed  line  et  al.  (Refs.  4  and  5).  Experi¬ 
mental  data  shown  are  open  diamonds  (Ref.  17),  open  circles  (Ref.  16), 
filled  circles  (Ref.  14). 
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FIG.  4._Kerr  angle  and  ellipticity  for  hep  Co  with  the  magnetization  along 
the  [1120]  direction.  Theoretical  data  shown  are  as  follows:  solid  line,  this 
work,  long  dashed  line  (Ref.  6).  Experimental  data  shown  are  open  dia¬ 
monds  (Ref.  17). 


along  the  [001]  direction.  The  complex  Kerr  angle  is  found 
to  be  insensitive  to  magnetization  direction,  reflecting  the 
cubic  symmetry  of  the  bcc  lattice.  The  anisotropy  of  the  Ken- 
spectra  was  discussed  by  Weller  et  alF  These  authors  con¬ 
cluded  that  in  a  cubic  lattice  the  anisotropy  in  Kerr  angle  is 
fourth  order  in  the  strength  of  the  spin-orbit  coupling,  while 
for  an  hep  crystal,  because  of  the  hexagonal  symmetry,  the 
anisotropy  should  be  second  order  in  the  spin-orbit  coupling 
strength.  Figure  2  shows  the  Kerr  angle  and  ellipticity  for  fee 
cobalt.  Agreement  between  Guo  and  Ebert’s  fully  relativistic 
LMTO  calculations,6  the  FLASTO  results,  and  the  experi¬ 
mental  results  for  thin-film  fee  Co17  is  pretty  good.  Figures  3 
and  4  show  the  Kerr  angle  and  ellipticity  of  hep  Co  with  the 
magnetization  direction  along  the  [0001]  and  [1120]  direc¬ 
tions,  respectively.  The  anisotropy  in  the  Kerr  signal  seen 
experimentally  is  reproduced  in  these  and  Guo  and  Ebert’s 
calculations.6  In  the  case  where  the  magnetization  lies  along 
[0001],  we  see  that  the  FLASTO  spectra,  and  those  calcu¬ 
lated  by  Guo  and  Ebert,  agree  better  with  experimental  data 
taken  from  bulk  crystals14,16  rather  than  the  thin-film  data  of 
Weller  et  al.}1  suggesting  that  there  is  some  sensitivity  to 
sample  preparation.  Also,  these  two  calculations  are  some¬ 
what  closer  to  experiment  than  either  those  of  Oppeneer 
et  al .,4,5  or  those  of  Gasche.18  The  positions  of  the  minima  in 
the  calculated  ellipticity  and  Kerr  angle  are  shifted  slightly  to 


higher  energy,  relecting  errors  associated  with  using  wave 
functions  obtained  from  a  local  spin-density  band  structure 
calculation  to  describe  excited  states. 

In  conclusion,  we  have  calculated  the  Kerr  angle  and 
ellipticity  for  bcc  iron,  fee  cobalt,  and  hep  cobalt  using  the 
interband  conductivity  tensor  computed  from  local  spin- 
density  band  structure  calculations.  Our  approach  avoids 
some  of  the  complications  in  evaluating  matrix  elements 
found  in  previous  studies.  The  use  of  calculated  ground  state 
wave  functions  to  describe  excited  states  appears  to  be  a 
good  approximation  in  these  metals,  at  least  for  energies  less 
than  about  6  eV.  The  level  of  agreement  between  theory  and 
experiment  is  good  enough  to  suggest  that  this  type  of  cal¬ 
culation  is  suitable  for  making  predictions  of  magneto¬ 
optical  effects  in  other  materials,  and  work  on  various  Co/Pd 
and  Co/Pt  superlattices  is  in  progress. 
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First  principles  electronic,  structure  calculations  are  used  to  predict  the  energy  dependence  of  the 
polar  Kerr  effect  in  MnBi,  MnSb,  and  a  Mn2BiSb  alloy.  The  compounds  all  have  respectable  Ken- 
angles  and  thus  are  potential  data  storage  media.  The  technique  used  in  this  work  is  a  full-potential 
linearized  augmented  Slater  orbital  approach.  The  Ken  angle  is  obtained  from  the  conductivity 
tensor  that  is  calculated,  within  linear  response  theory,  using  the  Kubo  formula.  There  are  several 
desirable  features  in  this  approach.  First,  unlike  methods  based  upon  muffin- tin  potentials,  open 
crystal  structures  present  no  problems.  Second,  since  the  electronic  wave  functions  are  defined  over 
the  crystal  unit  cell  rather  than  over  space  filling  overlapping  spheres,  difficulties  in  handling  the 
interstitial  part  of  the  required  matrix  elements  are  avoided.  Finally,  the  small  basis  set  (25  orbitals 
per  atom)  leads  to  reasonable  computational  times.  Results  of  these  calculations  show  that  the  Kerr 
angle  in  MnBi  is  above  1°  at  1.6  eV  and  that  its  variation  over  2-4  eV  is  linear  and  decreasing. 
MnSb  shows  a  smaller  rotation,  about  0.5°,  that  is  almost  constant  up  to  3  eV  and  then  also 
decreases  linearly.  The  Kerr  rotation  of  Mn2BiSb  is  approximately  the  average  of  MnBi  and  MnSb. 
This  work  has  been  supported  in  part  by  the  Louisiana  Quality  Education  Support  Fund  under  Grant 
No.  LEQSF  (1991-1994)-RD-A-30.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)48 108-5] 
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Dielectric  tensor  characterization  of  Mn0.53Bi0  47  and  Mn0.52Bi0.44Sbo.o4  fi,ms 
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We  have  grown  Mna53Bia47  and  Mn^Bio^Sb^  alloy  films  on  glass  substrates  under  UHV 
conditions.  These  films  exhibit  good  magneto-optical  (MO)  properties.  Unfortunately,  the 
measurements  of  Kerr  rotation  and  ellipticity  cannot  by  themselves  provide  reliable  evaluation  of 
the  MO  properties  of  a  layer  capped  with  a  dielectric  SiO  film.  The  purpose  of  the  present  work  was 
to  determine  the  dielectric  tensor  in  the  MnBi^Sb*  films  within  a  multilayer  stack,  using  a 
combination  of  ellipsometric,  reflection/transmission,  and  polar  MO  Kerr  effect  measurements  in 
the  wavelength  range  of  360-860  nm.  We  have  evaluated  the  Mno.53Bio.47  and  Mno.52Bio.44Sbo.04 
films  based  on  the  intrinsic  MO  figure  of  merit  (FOM)  defined  by  FOM=|exy|/(2  Im  exx),  where  exy 
and  exx  are  the  diagonal  and  off-diagonal  elements  of  the  dielectric  tensor  of  the  MO  material.  For 
short  wavelengths  (360-550  nm)  the  measured  FOM  in  the  Mno.53Bio.47  and  Mno.52Bio.44Sbo.04  films 
is  significantly  larger  (^factor  of  2)  than  that  commonly  observed  in  TbFeCo  films  (—0.01). 

©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  13508-5] 


For  quite  some  time,  MnBi  films  have  attracted  consid¬ 
erable  attention  as  a  possible  high-density  magneto-optical 
(MO)  media.1  The  large  Kerr  rotation  and  perpendicular  an¬ 
isotropy  have  maintained  the  interest  in  this  material  among 
physicists  despite  its  severe  problem,  lack  of  thermodynami¬ 
cal  stability.  Two  phases  of  MnBi  exist,  a  low-temperature 
phase  (LTP)  and  high-temperature  phase  (HTP),  which  ex¬ 
hibit  different  MO  response.  During  thermomagnetic  writing 
the  HTP  phase  is  quenched  and  causes  a  rapid  reduction  of 
MO  signal.  One  of  the  approaches  to  stabilize  the  low- 
temperature  phase  of  MnBi,  a  phase  which  exhibits  very 
good  MO  response,  was  to  substitute  a  fraction  of  the  Bi 
atoms  with  Sb  atoms.2-4 

The  aim  of  the  present  article  is  to  determine  the  diago¬ 
nal  and  off-diagonal  elements  of  the  dielectric  tensor  for  the 
Mno.53Bio.47  and  Mn0>52Bi0.44Sb0.04  films  and  evaluate  the  fig¬ 
ure  of  merit  (FOM)  of  these  MO  layers.  To  determine  the 
elements  of  the  dielectric  tensor  of  a  MO  film  one  must 
measure  thickness  and  optical  constants  for  all  the  layers 
within  the  structure.  To  do  this,  we  have  performed  ellipso¬ 
metric,  reflectance,  and  polar  MO  Kerr  effect  measurements, 
and  analyzed  the  data  using  the  multilayer  computer  pro¬ 
gram.  Detailed  descriptions  of  apparatus,  measurement  pro¬ 
cedures,  and  the  computer  program  can  be  found  in  the  ar¬ 
ticle  by  Hong  Fu  et  al5 

To  evaluate  the  performance  of  any  MO  media  one 
should  use  parameters  which  do  not  depend  upon  the  geom¬ 
etry  of  the  studied  structures.  The  intrinsic  FOM,  introduced 
for  the  first  time  by  Mansuripur,6  provides  the  best  way  to 
compare  different  media.  The  FOM,  which  is  solely  deter¬ 
mined  by  the  dielectric  tensor  of  the  MO  material,  is  given 
by 


Frequently,  the  off-diagonal  reflectivity,  rxy ,  has  been  used 
in  the  literature  to  describe  the  efficiency  of  a  sample  in 


a)Present  address:  Department  of  Physics,  University  of  Colorado  at  Colo¬ 
rado  Springs,  Colorado  Springs,  CO  80933-7150. 


rotating  polarization.  The  incident,  linearly  polarized  beam 
has  only  an  x  component  and  the  reflected  beam  has  both  x 
and  y  components.  The  absolute  value  of  the  off-diagonal 
reflectivity  is  defined  by  ratio  \Eryf/Elxc\,  where  ETyf  and 
j Exnc  are  the  £-field  amplitudes  of  the  y  component  of  the 
reflected  light  and  the  x  component  of  the  incident  light, 
respectively.  The  measurements  of  Kerr  rotation  0* ,  elliptic¬ 
ity  ek ,  and  total  reflectivity  R  can  be  used  to  calculate  the 
absolute  value  of  the  off-diagonal  reflectivity  from  the  fol¬ 
lowing  formula:7 


|r*yl  =  V^(®!+^)- 

Since  values  of  0* ,  ek ,  and  R  strongly  depend  on  the  thick¬ 
nesses  of  the  layers  in  the  studied  structure,  the  value  of  \rxy\ 
for  the  same  MO  layer  may  vary  significantly.  It  can  be 
shown,6  however,  that  \rxy\  is  upper  bounded  by  the  FOM.  In 
addition,  it  is  possible  to  design  a  structure  for  which  \rxy\ 
approaches  the  FOM  of  the  MO  material.  For  these  reasons, 
we  will  quote  both  \rxy\  and  FOM  in  our  article. 

We  grew  our  samples  on  glass  (Coming  7059)  substrates 
under  UHV  conditions.  Sample  preparation  and  systematic 
studies  of  the  structural,  magnetic,  and  magneto-optical 
properties  of  the  MnBi1_xSb^  films  have  been  recently  re¬ 
ported  elsewhere  by  Celinski  et  al.4  The  substitution  of  Bi 
atoms  by  Sb  does  not  improve  the  thermal  stability  of  these 
MnBi  based  layers.  To  avoid  ambiguities  during  analysis  of 
optical  measurement  data  we  also  grew  a  single  layer  of  SiO 
on  glass  and  determined  its  optical  constants  independently. 

Utilizing  a  multiwavelength  variable- angle  ellipsometer 
we  measured  the  polarization  rotation  and  ellipticity  as  a 
function  of  incident  angle  ©inc  for  linearly  polarized  light 
with  wavelengths  \  within  the  range  360-860  nm.  The  mea¬ 
surements  of  total  reflectance  R ,  ©fc,  and  ek  at  normal  inci¬ 
dence  were  carried  out  on  a  MO  Kerr  spectrometer.  All  mea¬ 
surements  were  taken  from  the  film  side.  The  thickness  and 
diagonal  elements  exx  of  the  various  layers  were  determined 
by  using  the  ellipsometric  and  total  reflectance  R  data.  Off- 
diagonal  elements,  exy ,  were  determined  by  using  Kerr  effect 
and  ellipsometric  data. 
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TABLE  I.  The  calculated  values  of  diagonal  and  off-diagonal  elements  of  the  dielectric  tensor  for  the 
Mn053Bi047  and  Mn0  52Bi0  44Sb0  04  samples.  Then  n  and  k  values  for  the  SiO  layers  are  presented  for  the  film 
grown  on  top  of  the  Mn0  53Bi047  layer. 


Wavelength 

(nm) 

Mn053Bi047 

Mn052Bi0 -44Sb004 

SiO 

^xx 

^xy 

n 

k 

360 

0.01 +*2.65 

-0.04-z0.09 

-1.80+/4.03 

-0.09-/0.19 

1.735 

0.109 

400 

-O.lO+z'3.19 

-0.07-/0.09 

-0.84+ *4.22 

-0.10-/0.11 

1.712 

0.053 

450 

-0.58+/4.03 

-0.09-/0.10 

-0.16+/4.71 

-0.13-/0.08 

1.694 

0.025 

500 

— 0.86+/5.97 

-0.15-/0.12 

-0.19+/6.21 

-0.18-/0.09 

1.719 

0.014 

550 

— 1.37+/7.53 

-0.23-/0.14 

—  1 .26+77.66 

-0.29-/0.12 

1.746 

0.013 

600 

— 2.12+/9.52 

-0.34-/0.13 

— 2.70+/6.71 

-0.30-/0.13 

1.788 

0.010 

633 

-2.75+*  10.6 

-0.40-/0.11 

-4.00+/ 10.5 

-0.54-/0.12 

1.805 

0.007 

650 

-2.61+/10.9 

-0.44-/0.07 

—3.19+710.9 

-0.58-/0.03 

1.807 

0.0 

700 

—4.09 +*12.2 

-0.57-/0.06 

—3.81 +*12.2 

— 0.70+/0.12 

1.815 

0.0 

750 

— 0.89+/ 16.5 

— 0.74+/0.35 

— 5.01  +  / 13.2 

— 0.843+/0.22 

1.835 

0.0 

780 

0.48+/16.0 

-0.67+/0.52 

— 5.30+7 14.5 

— 0.92+/0.34 

1.814 

0.0 

820 

1.38+715.9 

—0.55+ *0.63 

— 1.5 1 +7 13.6 

— 0.61+/0.65 

1.827 

0.0 

840 

3.7 1 +717.5 

-0.55+ *0.96 

1.830 

0.0 

860 

3.91+717.1 

—0.46+ *1.02 

1.835 

0.0 

Table  I  shows  results  of  our  analysis  of  the  dielectric 
tensor  elements  for  both  MO  layers,  Mn0  53Bi047  and 
Mn0  52Bi0  44Sb0  04.  We  estimated  that  the  error  associated 
with  our  analysis  does  not  exceed  5%.  The  quality  of  our 
analysis  can  be  assessed  by  analyzing  Fig.  1  which  shows  a 
typical  set  of  ellipsometric  data.  The  open  and  solid  symbols 
represent  rotation  and  ellipticity,  respectively,  as  a  function 
of  incident  angle  for  400  nm  wavelength.  The  solid  lines 
depict  the  best  theoretical  fit  to  this  data.  In  order  to  obtain 
such  a  good  fit  at  short  wavelengths  values  of  n  and  k  for  the 
SiO  layer  had  to  be  slightly  modified  from  those  obtained  for 
a  SiO  layer  grown  on  glass.  Table  I  also  contains  the  n  and  k 
values  for  the  SiO  layer  grown  on  top  of  Mn0  53Bi0  47  film. 

From  our  measurements  we  determined  that  the 
Mn0  53Bi0  47  film  was  70  nm  thick  and  the  SiO  layer  was  65 
nm  thick.  These  results  are  in  good  agreement  with  values 
obtained  from  the  thickness  monitor  during  deposition.  The 
Kerr  hysteresis  loops  are  fairly  squared  with  a  coercive  field 
of  840  Oe  (see  inset  in  Fig.  2).  Figure  2  shows  the  wave¬ 


FIG.  1.  Measured  rotation  and  ellipticity,  open  and  solid  circles,  respec¬ 
tively,  as  a  function  of  incident  angle  ©inc  at  400  nm  wavelength  for  the 
Mn0  53Bi0  47  sample.  The  solid  lines  represent  the  best  fit. 


length  dependence  of  the  Kerr  rotation  and  ellipticity.  The 
observed  extrema  in  and  ek ,  at  600  nm,  are  related  to  the 
interference  effect  due  to  the  SiO  overcoating.  As  expected, 
we  observed  a  significant  decrease  in  total  reflectivity  R  at 
this  wavelength.  For  a  wavelength  of  400  nm,  far  from  the 
interference  condition,  the  Kerr  rotation  and  ellipticity  still 
have  significantly  high  values,  0.9°  and  0.35°,  respectively, 
indicating  good  MO  response  at  short  wavelength.  Figure  3 
shows  the  wavelength  dependence  of  n  and  k  for 
Mn0  53Bi0>47  film.  The  lines  were  added  to  guide  the  reader’s 
eye.  Our  values  of  n  and  k  are  comparable  with  those  previ¬ 
ously  reported  in  the  literature.5  Figure  4  shows  the  calcu¬ 
lated  FOM  and  off  diagonal  reflectivity,  rxy ,  as  a  function  of 
the  wavelength  for  Mn0  53Bi047  film.  Determined  values  of 
FOM  are  smaller  than  those  previously  reported.5  This  indi¬ 
cates  that  measured  parameters,  such  as  FOM,  are  not  uni¬ 
versal  for  a  given  compound  but  strongly  depend  on  the 
growth  conditions,  procedure,  and  small  changes  in  stoichi¬ 
ometry  for  the  MnBi  based  compounds. 


FIG.  2.  Measured  Kerr  rotation  and  ellipticity  ek ,  open  and  solid  circles, 
respectively,  as  a  function  of  wavelength  for  the  Mn0  53Bi047  sample.  The 
solid  lines  were  added  to  guide  the  reader’s  eye.  Measurements  were  per¬ 
formed  from  the  film  side. 
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FIG.  3.  The  best  estimate  values  of  n  and  k  as  a  function  of  wavelength  for 
the  Mn0  g^Bio  47  sample. 
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FIG.  4.  Measured  \rxy\  (solid  symbols)  and  the  computed  FOM  (open  sym¬ 
bols)  for  the  Mno.53Bio.47  sample  as  a  function  of  wavelength. 


FIG.  5.  Measured  Kerr  rotation  and  ellipticity  ek ,  open  and  solid  circles, 
respectively,  as  a  function  of  wavelength  for  the  Mno.52Bio.44Sbo.04  sample. 
The  solid  lines  were  added  to  guide  the  reader’s  eye.  Measurements  were 
performed  from  the  film  side. 


FIG.  6.  Measured  \rxy\  (solid  symbols)  and  the  computed  FOM  (open  sym¬ 
bols)  for  the  Mno.52Bio.44Sbo.04  sample  as  a  function  of  wavelength. 


Our  Mtio.52Bio.44Sbo.04  film  was  also  70  nm  thick,  capped 
with  a  95  nm  SiO  layer.  The  Kerr  hysteresis  loops  are  fairly 
square  with  a  coercive  field*  of  3  kOe.  Figure  5  shows  the 
wavelength  dependence  of  0^,  and  ek .  The  observed  ex¬ 
treme  in  Kerr  rotation  at  800  nm  is  again  related  to  the  in¬ 
terference  effect  due  to  SiO  overcoating  (the  total  reflectivity 
also  shows  a  broad  minimum  at  this  wavelength).  At  short 
wavelengths,  the  measured  values  of  the  Kerr  rotation  and 
ellipticity,  -0.4°  and  0.67°,  respectively,  indicate  again  a 
good  MO  response  in  this  material.  The  determined  values  of 
n  and  k  for  the  Mna52Bia44Sba04  film  are  very  similar  to  that 
observed  for  MnQ.53Bio.47  film.  This  indicates  that  the  pres¬ 
ence  of  Sb  atoms  does  not  modify  the  values  of  n  and  k. 
Figure  6  shows  the  FOM  as  a  function  of  wavelength  for  the 
M%52Bio.44Sbo.Q4  film.  Only  for  a  narrow  range,  between 
400  to  500  nm,  the  determined  values  of  FOM  are  equal  to 
those  determined  for  Mn0  53Bi0>47.  For  all  other  wavelengths 
the  values  of  FOM  are  25%  larger  than  these  determined  for 
Mfio.53Bio.47*  At  360  nm,  the  FOM  for  MnQ.52Bio.44Sbo.04  is 
equal  to  0.025,  more  than  twice  the  value  observed  for 
TbFeCo,  which  is  currently  used  for  MO  recording.  This 
would  make  our  films  a  good  candidate  for  future  MO  data 
storage  medium  if  the  thermodynamic  stability  problem 
could  be  solved  in  MnBi  based  layers. 

This  work  was  performed  in  collaboration  with  Brad  N. 
Engel,  Charles  M.  Falco,  and  supported  by  NSIC/ARPA 
Contract  No.  MDA  972-93-1-0009.  The  authors  would  like 
to  thank  M.  Mansuripur  for  helpful  discussions. 
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Influence  of  Al  capping  layers  on  growth,  topography,  and  magnetic 
properties  on  MnBi  thin  films 

U.  Rudiger,  R  Fumagaili,  R  Dworak,  A.  Schirmeisen,  and  G.  Guntherodt 

Physikalisches  Institut,  RWTH  Aachen,  D-52056  Aachen,  Germany 

Bi/Mn  bilayers  have  been  deposited  on  fused-quartz  substrates  at  room  temperature  and  annealed  at 
elevated  temperatures  of  300-380  °C.  To  investigate  the  influence  of  capping  layers  on  MnBi 
crystallite  size  and  magnetic  properties,  some  of  the  Bi/Mn  bilayers  were  protected  by  Al  and  SiOx 
layers.  The  coercive  fields  of  the  resulting  MnBi  films  without  a  protective  layer  reach  values  of  up 
to  1.25  T.  In  case  of  depositing  an  Al  capping  layers  prior  to  annealing,  the  coercive  fields  are 
decreasing  strongly  showing  coercive  fields  in  the  range  of  0.6  T.  In  contrast,  using  SiOx  as  a 
capping  layer,  the  Kerr  hysteresis  loops  show  a  nonlinearity  near  the  coercive  field  indicating  an 
inhomogeneous  film.  The  change  in  the  coercive  field  is  explained  by  the  influence  of  capping  layers 
on  the  MnBi  crystallite  size  during  annealing.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)28208-9] 


INTRODUCTION 

As  demonstrated  in  previous  work,  the  crystallite  size  of 
MnBi  films  depends  on  film  thickness,  i.e.,  the  number  x  of 
deposited  (Bi/Mn)^  bilayers.1  An  increasing  number  of 
Bi/Mn  sequences  is  accompanied  by  an  increase  in  MnBi 
crystallite  size  after  annealing.  The  preparation  of  MnBi 
films  deposited  without  any  protective  layer  on  the  Bi/Mn 
sequences  causes  smaller  particle  size  as  compared  to  films 
with  an  SiO^.  capping  layer2,3  since  the  growth  of  single 
MnBi  particles  is  not  restricted  in  the  direction  perpendicular 
to  the  surface.  Due  to  the  small  crystallite  size  unusual  high 
coercive  fields,  Hc ,  of  values  up  to  1.25  T  were  measured.  In 
case  of  single  domain  particles  Hc  achieves  high  values  lim¬ 
ited  only  by  the  intrinsic  anisotropy  energy.4  As  the  number 
of  Bi/Mn  bilayers  increases  from  one  to  three  the  reflectivity 
of  the  resulting  MnBi  films  decreases  from  42%  down  to 
5%.1  In  order  to  reduce  the  MnBi  crystallite  size  in  thicker 
films,  Bi/Mn  bilayers  were  separated  by  an  Al  interlayer 
from  each  other.5  Due  to  the  Al  interlayer  the  reflectivity  of 
MnBi  films  consisting  of  two  Bi/Mn  bilayers  could  be  main¬ 
tained  at  38%.5  By  separating  two  Bi/Mn  bilayers  with  an  Al 
interlayer,  polar  Kerr  hysteresis-loop  measurements  show  a 
superposition  of  two  hysteresis  loops  with  different  coercive 
fields.  The  presence  of  two  different  coercive  fields  could  be 
explained  by  different  granularities  of  the  top  and  the  bottom 
layer.5  In  this  work,  we  study  the  influence  of  Al  or  SiOx 
capping  layers  on  growth  and  magnetic  properties  of  a  single 
Mn/Bi  bilayer. 

EXPERIMENTAL  METHODS 

The  preparation  of  MnBi  thin  films  was  performed  ac¬ 
cording  to  the  method  described  elsewhere.1,5,6  By  thermal 
evaporation  of  Bi  and  Mn  using  A1203  crucibles  Bi/Mn  bi¬ 
layers  have  been  deposited  on  clean  fused-quartz  substrates 
at  room  temperature.  In  order  to  get  MnBi  films  close  to  the 
optimum  stoichiometry  of  Mn55Bi45  as  reported  by  Di  et  al.,1 
the  thickness  of  the  Bi  and  Mn  layer  is  adjusted  to  a  constant 
value  of  18  nm  and  12  nm,  respectively.  A  2  nm  thick  Al 
capping  layer  is  deposited  in  the  same  way  as  the  Bi  and  Mn 
layers  whereas  a  50  nm  SiO*  capping  layer  is  deposited  by 


electron-beam  evaporation  of  SiO  crystals  using  a  Leybold 
ESV2.  The  vacuum  during  deposition  varied  between 
8X1CT7  mbar  and  5  X10  6  mbar.  Film  thickness  and  depo¬ 
sition  rate  were  controlled  by  an  Inficon  thickness  monitor. 
In  order  to  obtain  c  axis  oriented  MnBi  films  after  annealing, 
the  Bi-deposition  rate  has  to  be  lower  than  0.4  nm/s.  In  con¬ 
trast,  the  Mn-deposition  rate  is  five  times  larger.  The  Bi/Mn 
and  Bi/Mn/capping-layer  sandwiches  were  annealed  ex  situ 
in  a  quartz  tube  for  60  min  at  a  temperature  of  300  °C  and 
for  30  min  at  a  temperature  of  380  °C  followed  by  a  30  min 
annealing  step  at  lower  temperature  down  to  300  °C,  respec¬ 
tively.  The  films  were  characterized  by  x-ray  diffraction 
analysis  (XRD),  scanning  electron  microscopy  (SEM)  and 
energy-dispersive  x-ray  analysis  (EDX).  The  coercive  field, 
Hc ,  was  determined  by  polar  Kerr  hysteresis-loop  measure¬ 
ments  at  a  photon  energy  of  2.0  eV  at  room  temperature.1,5 

RESULTS  AND  DISCUSSION 
Preparation  and  characterization 

To  control  the  c-axis  orientation  of  the  Bi  layer  before 
and  the  quality  of  the  alloying  process  of  the  MnBi  films 
after  annealing  x-ray  measurements  have  been  carried  out. 
Figure  1(a)  shows  clearly  the  Bi(000/)  peaks,  which  demon¬ 
strate  that  a  Bi  layer  is  highly  textured  with  c  axis  perpen¬ 
dicular  to  the  film  surface,  a  condition  necessary  for  main¬ 
taining  the  same  orientation  after  annealing.8  Peaks  due  to 
the  substrate  holder,  made  of  brass,  are  labeled  with  an  as¬ 
terisk.  Figures  1(b)- 1(d)  show  x-ray  pattern  after  annealing 
of  MnBi  films  without  a  protective  capping  layer,  with  an  Al 
and  a  SiO*  capping  layer,  respectively.  The  x-ray  pattern  of 
MnBi  films  without  and  with  an  Al  capping  layer  are  domi¬ 
nated  only  by  the  MnBi(000/)  peaks  [see  Figs.  1(b)  and 
1(c)].  The  MnBi  films  exhibit  NiAs-type  structure.  The  for¬ 
mation  of  an  additional  MnAl  r  phase  as  reported  by  Shen 
can  be  excluded.9  In  case  of  depositing  a  SiOx  protective 
layer,  Mn3O4(A00)  peaks  appear  which  have  intensities  of 
same  order  of  magnitude  as  the  MnBi(000/)  peaks  [see  Fig. 
1(d)].  The  exclusive  presence  of  Mn304(/z00)  peaks  indi¬ 
cates  an  a -axis  orientation  of  the  oxide  layer.  At  room  tem¬ 
perature  Mn304  exhibits  a  distorted  spinel  structure.10,11 
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FIG.  1.  X-ray  analysis  of  MnBi  films  (a)  before  annealing  and  after  anneal¬ 
ing,  (b)  without  a  capping  layer,  (c)  with  an  A1  capping  layer,  and  (d)  with 
a  SiOx  capping  layer. 


Mag.  Field  ( T ) 

FIG.  3.  Polar  Kerr  hysteresis  loops  of  MnBi  films  (a)  without  a  capping 
layer,  (b)  with  an  A1  capping  layer,  and  (c)  with  a  SiO,  capping  layer. 


less,  it  cannot  be  excluded  that  a  part  of  the  A1  diffuse  into 
the  bottom  MnBi  layer  during  annealing.5 


Figures  2(a)  and  2(b)  show  MnBi  films  after  annealing 
without  a  protective  layer  and  with  an  A1  capping  layer  of 
2.0  nm  thickness,  respectively.  The  topography  of  the  MnBi 
film  with  an  A1  capping  layer  is  smoother  than  without.  The 
2.0  nm  A1  layer  covers  the  MnBi  film  completely.  Neverthe- 


FIG.  2.  Topography  after  annealing  of  MnBi  films  (a)  without  a  capping 
layer,  and  (b)  with  an  A1  capping  layer. 


Magnetic  properties 

For  single  domain  particles,  the  coercive  field,  Hc,  is 
limited  only  by  the  intrinsic  anisotropy  energy  and  decreases 
linearly  as  the  diameter  d  of  the  single  domain  particles 
increases.4  To  investigate  the  influence  of  different  capping 
layers  on  crystallite  size  and  hence  on  the  coercive  field, 
polar  Kerr  hysteresis  measurements  have  been  carried  out. 
Hysteresis  loops  of  MnBi  films  (a)  without  a  capping  layer, 
(b)  with  an  A1  capping  layer,  and  (c)  with  a  SiO*  protective 
layer  are  plotted  in  Fig.  3.  By  covering  MnBi  films  with  a  2.0 
nm  A1  capping  layer,  the  coercive  field  is  decreasing  from 
1.25  T  to  a  value  of  only  0.6  T.  This  is  in  agreement  with  our 
previous  analysis  of  Kerr  hysteresis  loops  in  MnBi/Al/MnBi 
multilayers.5  The  preparation  of  MnBi  films  with  no  protec¬ 
tive  layers  on  the  Bi/Mn  sequence  causes  a  smaller  particle 
size  since  the  growth  is  not  restricted  in  direction  perpen¬ 
dicular  to  the  substrate  surface  which  reduces  the  lateral  ex¬ 
pansion  of  the  crystallites.5  In  contrast,  an  A1  capping  layer 
reduces  the  growth  perpendicular  to  the  substrate  surface 
which  supports  the  lateral  expansion  of  MnBi  crystallites. 
The  influence  of  an  A1  capping  layer  on  the  MnBi  formation 
process  is  demonstrated  in  Figs.  4(a)  and  4(b)  schematically. 

The  effect  of  a  SiOx  layer  [Fig.  3(c)]  is  in  apparent  con¬ 
tradiction  with  previous  literature.2,3  At  a  field  of  0.7  T,  the 
reversal  of  magnetization  starts  but  proceeds  slowly  with  in¬ 
creasing  field  leading  to  coercive  fields  of  up  to  1.5  T.  The 
shape  of  the  hysteresis  loop  differs  from  square  hysteresis 
loops  of  MnBi  films  without  and  with  an  A1  capping  layer 
shown  in  Figs.  3(a)  and  3(b),  respectively. 

An  explanation  of  the  unusual  hysteresis  loops  takes  into 
account  the  close  distance  (*=20  cm)  of  the  electron  beam 
evaporator  to  the  substrate  holder.  As  a  consequence,  the 
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Hi  MnBi  film 


FIG.  4.  Model  of  an  annealed  MnBi  film,  originating  from  a  MnBi  film  (a) 
without  a  capping  layer,  and  (b)  with  an  A1  or  SiOA  capping  layer. 

SiOx  molecules  may  impinge  onto  the  substrate  at  high  ki¬ 
netic  energies.  This  might  lead  to  a  very  rough  Mn/SiOx 
interface.  After  annealing  the  MnBi  crystallite  size  might  be 
considerably  smaller  in  the  interface  region  due  to  penetrated 
SiOx  molecules  leading  to  local  regions  with  increased  coer¬ 
cive  field. 

CONCLUSION 

The  influence  of  A1  and  SiO*  capping  layers  on  the  crys¬ 
tallite  size  and  on  the  coercive  field  of  MnBi  thin  films  has 
been  investigated.  An  A1  overlayer  leads  to  a  pronounced 
decrease  in  coercivity  from  1.25  T  down  to  0.6  T.  This  is 


explained  by  a  restricted  perpendicular  growth  in  conjunc¬ 
tion  with  an  extended  lateral  expansion  of  MnBi  crystallites 
during  annealing.  Using  SiOx  as  a  protective  layer,  leads  to 
unusual  Kerr  hysteresis  loops  showing  a  nonlinear  magneti¬ 
zation  reversal  in  contrast  to  literature.  This  discrepancy  is 
tentatively  explained  by  the  close  proximity  of  the  SiO  target 
to  the  substrate  holder.  The  SiO  molecules  impinge  at  high 
kinetic  energies  onto  the  substrate,  yielding  a  very  rough 
Mn/SiO  interface  influencing  locally  the  MnBi  formation 
process.  As  a  result,  local  regions  may  form  with  smaller 
grain  size  and,  therefore,  increased  coercivity. 
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Kurt  W.  Wierman  and  Roger  D.  Kirby 

Behlen  Laboratory  of  Physics  and  Center  for  Materials  Research  and  Analysis,  University  of  Nebraska, 
Lincoln ,  Nebraska  68588-0113 

In  this  work  we  have  prepared  thin  films  of  the  ternary  alloy  Mn^Pt^-^-^Zn^,  by  magnetron 
sputtering  onto  quartz  substrates.  We  have  found  a  wide  range  of  compositions  which  are  strongly 
ferromagnetic  at  room  temperature.  A  transition  from  a  cubic  to  tetragonal  phase  with  decreasing  Pt 
content  is  confirmed  by  x-ray  diffraction.  X-ray  diffraction  measurements  also  show  a  strong  (001) 
reflection  consistent  with  long  range  order  along  the  c  axis  for  the  tetragonal  phase.  These  films 
show  large  complex  Kerr  rotations  (up  to  0.7°)  in  the  visible  spectrum.  This  combined  with  their 
anisotropic  structure  suggests  that  they  may  be  suitable  for  magneto-optic  data  storage  applications. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)16708-3] 


INTRODUCTION 

The  ordered  alloys  of  M^Pt^.  (M=Cr,Mn,Fe,Ni,Co) 
have  received  considerable  attention  because  of  their  inter¬ 
esting  magnetic  and  magneto-optic  properties.1'5  For 
*=0.25  these  alloys  form  the  LI 2  (Cu3Au)  cubic  stmcture 
where  the  magnetic  atoms  occupy  the  cube  comers  and  the 
Pt  atoms  the  face-centered  sites.  As  x  increases  from  0.25 
there  is  a  continuous  change  in  lattice  parameters  and  by 
x=0.5  the  alloys  develop  the  Ll0  (CuAu)  tetragonal  stmc¬ 
ture  with  alternating  layers  of  M  and  Pt  atoms  along  the 
(001)  direction.  This  appears  to  result  from  the  geometrical 
requirements  of  ordered  packing  of  Pt  and  M  atoms  of  dif¬ 
ferent  sizes  and  not  from  electron  concentration  or  Brillouin 
zone  effects,  as  discussed  by  Brun  et  al.  for  M=Mn. 
Mn^Ptj  _A  alloys  are  known  to  undergo  a  transition  from  the 
cubic  to  a  tetragonal  stmcture  forx>0.38;  unfortunately,  the 
increased  number  of  antiferromagnetic  Mn-Mn  nearest- 
neighbor  interactions  induces  a  complex  noncollinear  mag¬ 
netic  stmcture.6,7  Kato  et  al.s  initially  observed  large  Ken- 
rotation  and  ellipticity  in  thin  films  of  MnPt3 ,  but  hysteresis 
loops  showed  an  in-plane  anisotropy  concordant  with  its  cu¬ 
bic  stmcture.  Our  goal  was  to  substitute  a  third  nonmagnetic 
element  into  the  Mn-Pt  alloy  to  develop  a  ferromagnetic  te¬ 
tragonal  stmcture.  Thus,  in  this  study  ferromagnetic  ternary 
alloys  of  MnxPt1_.c_),Zn>,  were  produced  over  a  wide  com¬ 
position  range  (*=0.17-0.29,  y  =0.00-0.13),  and  their  mag¬ 
netic  and  magneto-optic  properties  were  studied. 

EXPERIMENT 

Mn/(Pt-Zn)  multilayers  were  prepared  by  dc  magnetron 
sputtering  onto  room-temperature  fused  quartz  substrates. 
The  base  pressure  of  the  sputtering  chamber  was  4X10  7 
Torr  and  the  argon  sputtering  pressure  was  2  mTorr.  For  the 
series  of  samples  discussed  here  Pt  and  Zn  were  co-sputtered 
with  a  layer  thickness  held  constant  at  7  A,  while  the  Mn 
layer  thickness  was  varied  from  3  to  5  A  to  obtain  the  de¬ 
sired  Mn^Pt^-yZUy  composition  ratios.  The  compositions 
of  the  as-deposited  films  were  measured  using  x-ray  fluores¬ 
cence  and  found  to  be  close  to  the  nominal  compositions. 
The  total  film  thickness  of  each  sample  was  100  nm  and  each 
film  was  coated  with  a  100-nm- thick  SiOx  protective  over¬ 
coat.  The  as-deposited  samples  were  subsequently  annealed 


in  vacuum  (6X10-6  Torr)  at  850  °C  for  1  h  to  form  the 
homogeneous  crystalline  MntPt|  _x_yZxyy  alloy. 

The  saturation  magnetization  Ms  and  coercivity  Hc  of 
the  MnjPtj-j-yZnj,  films  were  measured  at  300  K  using  an 
alternating  gradient  force  magnetometer.  The  polar  Kerr  ro¬ 
tation  and  ellipticity  spectra  were  measured  in  a  10  kOe  ap¬ 
plied  field  perpendicular  to  the  film  plane  using  a  home-built 
system  based  on  a  photoelastic  modulator.  The  Curie  tem¬ 
peratures  were  obtained  from  Kerr  rotation  versus  tempera¬ 
ture  measurements  in  an  applied  field  of  7.1  kOe. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  x-ray  diffraction  results  for  the  an¬ 
nealed  films  of  Mno  jsPto.rs-yZnj,  for  several  Zn  concentra¬ 
tions.  The  splitting  of  the  (110),  (200),  and  (220)  reflections 
shown  in  the  y=0.08  sample  indicates  the  formation  of  the 
tetragonal  phase.  The  presence  of  the  superlattice  (001)  peak 
is  indicative  of  substantial  long  range  order  along  the  c  axis. 
Figure  2  shows  the  a  axis  and  c  axis  lattice  parameters  as  a 
function  of  Pt  concentration;  for  these  data,  *  ranges  from 
0.17  to  0.29  and  y  ranges  from  0.04  to  0.13.  For  concentra¬ 
tions  greater  than  69  at.  %  Pt  the  cubic  phase  with  an  average 
a-axis  lattice  parameter  of  3.83  A  is  present.  This  value  is 
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FIG.  1.  X-ray  diffraction  results  for  Mn0  25Pto.75-yZnr  with  y=0.00,  0.04, 
and  0.08. 
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FIG.  2.  Lattice  parameters  for  varying  Pt  concentrations;  x  ranges  from  0.17 
to  0.29,  y  ranges  from  0.04  to  0.13.  The  lines  are  drawn  to  aid  the  eye. 

slightly  smaller  than  the  reported  value  of  3.89  A  for  bulk 
MnPt3 .9  Below  69  at.  %  Pt  only  the  tetragonal  phase  is 
present  with  no  indication  of  the  cubic  phase.  The  a -axis 
lattice  parameter  is  3.93  A  and  is  independent  of  Pt  concen¬ 
tration,  while  the  c-axis  lattice  parameter  diminishes  from 
3.72  to  3.61  A.  At  69  at.  %  Pt  the  tetragonal  and  cubic  struc¬ 
tural  phases  co-exist  indicating  there  is  a  narrow  intermediate 
phase  transition  region  as  reported  for  bulk  Mn^Ptj^  7 
As  Mn-Mn  nearest-neighbor  interactions  are  antiferro¬ 
magnetic  the  largest  possible  magnetic  moment  in  the  L  l2 
structure  is  obtained  at  Mn  concentration  of  25%. 7,10,11  For 
this  reason  the  rest  of  this  discussion  will  focus  on  samples 
with  x=0.25.  Figure  3(a)  shows  the  room  temperature  in¬ 
plane  hysteresis  loops  for  y=0.04,  0.06,  and  0.08.  A  com¬ 
parison  of  the  perpendicular  (not  shown)  and  in-plane  hys- 
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FIG.  3.  (a)  In-plane  hysteresis  loops  for  Mn025Pt0  75_),Zn:y .  (b)  Ms  vs  Zn 
concentration  for  Mn0 25Pt0.75-;>,Zn;y .  The  line  is  drawn  to  aid  the  eye. 


y 

FIG.  4.  Tc  and  Hc  vs  Zn  concentration  for  Mn0  25Pt0  75_yZn>, .  The  lines  are 
drawn  to  aid  the  eye. 

teresis  loops  indicates  that  the  easy  axis  is  not  strictly  in  the 
plane  of  the  film.  Figure  3(b)  shows  that  the  saturation  mag¬ 
netization  ( Ms )  decreases  with  increasing  Zn  content.  Figure 
4  shows  the  Curie  temperature  ( Tc )  and  coercivity  (Hc)  as 
functions  of  Zn  concentration.  The  initial  slope  of  Tc  vs  Zn 
content  is  nearly  the  same  as  the  slope  found  for  Tc  vs  Mn 
content  in  Mn^Pt^*. 10,11  This  suggests  that  the  increase  of 
Tc  in  the  two  systems  has  the  same  origin.  It  may  be  due  to 
an  increase  in  macroscopic  exchange  stiffness  between  Mn 
atoms  due  to  a  larger  number  of  Mn-Mn  nearest-neighbor 
interactions.  Note  there  is  a  decrease  in  the  c-axis  lattice 
parameter  for  higher  levels  of  Zn  content  which  may  contrib- 
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FIG.  5.  Kerr  rotation  and  ellipticity  wavelength  dependence  for 
Mn^Pto^-^Zny  measured  from  the  substrate  side.  Dotted  line  gives  results 
for  MnPt3  measured  from  substrate  side. 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


K.  W.  Wierman  and  R.  D.  Kirby  6207 


ute  to  the  downward  trend  in  Tc .  The  dramatic  increase  in 
coercivity  appears  to  be  associated  with  the  structural  change 
from  cubic  to  tetragonal  since  all  samples  exhibiting  the  cu¬ 
bic  phase  have  coercivities  ranging  from  75  to  660  Oe,  while 
the  samples  with  tetragonal  phase  have  coercivities  ranging 
from  1500  to  2900  Oe. 

The  room-temperature  Kerr  rotation  (0K)  and  ellipticity 
(vK)  spectra  (measured  from  the  substrate  side)  for 
Mno.25Pto.75-yZny,  y=0.04,  0.06,  0.08,  are  shown  in  Fig.  5. 
The  present  spectra  are  similar  to  those  of  pure  MnPt3 
(shown  as  dotted  line)  and  the  overall  decreases  in  magni¬ 
tude  of  0K  and  rjK  correlate  well  with  the  decrease  in  Ms. 

CONCLUSION 

The  magnetic  and  magneto-optical  properties  of 
Mn^Ptj.^Zny  alloy  films  have  been  investigated.  We 
found  that  the  formation  of  the  tetragonal  phase  primarily 
depends  on  the  Pt  content,  but  the  addition  of  Zn  influences 
the  formation  of  a  ferromagnetic  tetragonal  phase  with  a 
fairly  large  saturation  magnetization.  The  crystallographic 
sites  of  the  Zn  atoms  have  not  been  determined,  but  diffrac¬ 
tion  suggests  a  preferential  layering  of  the  Pt  atoms  to  form 
alternating  (Mn-Zn-Pt)/Pt  layers  along  the  (001)  direction. 
No  (100)  diffraction  peak  was  observed  in  the  tetragonal 
phases.  This  together  with  the  rapid  decrease  in  Ms  with  Zn 


content  seem  to  indicate  a  large  degree  of  disorder  in  the 
(Mn-Zn-Pt)  layer.  Such  disorder  would  lead  to  an  increase  in 
the  number  of  Mn-Mn  antiferromagnetic  exchange  interac¬ 
tions. 
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The  mechanism  of  magnetostriction  in  transition  metal  bulk  (fee  Co)  and  thin  films  [Co/Pd(001)  and 
Co/Cu(001)]  is  investigated  using  the  ab  initio  full  potential  linearized  augmented  plane  wave 
method.  With  the  aid  of  the  state  tracking  and  torque  approaches  the  magnetocrystalline  anisotropy 
energy,  the  essential  ingredient  of  the  magnetostriction,  is  found  to  be  a  linear  function  of  the 
interlayer  distances.  The  calculated  magnetostrictive  coefficients  and  magnetoelastic  coupling 
constants  for  bulk  fee  Co  agree  very  well  with  experiment.  The  calculated  \001  at  the  Co/Pd(001) 
interface  is  much  larger  in  magnitude  (+2.3  X10-4)  and  differs  in  sign  compared  to  that  for 
Co/Cu(001)(— 5.7X10“5).  In  these  thin  films,  the  hybridization  between  the  Co-  dxzyz  and  the 
underlying  substrate  d  states  is  found  to  play  the  key  role.  ©  1996  American  Institute  of  Physics. 
[S002 1  -8979(96)77 808-8] 


I.  INTRODUCTION 

It  has  been  observed  that  the  magnetostriction  in  transi¬ 
tion  metal  systems  is  very  sensitive  to  change  of  environ¬ 
ment  and  can  be  strongly  enhanced  in  thin  film  geometries 
such  as  at  the  Co  surface1,2  and  at  Co/Pd,3  Co/Cu,4  and 
Ni/Ag  (Ref.  5)  interfaces  and  multilayers.  Due  to  its  intrinsic 
complexities  and  difficulties,  however,  the  mechanism  of  the 
magnetostriction  in  these  materials  still  remains  as  a  major 
challenge  today.6  It  is  known  that  the  anisotropic  magneto¬ 
striction  (as  distinguished  from  the  small  volume  magneto¬ 
striction)  is  determined  by  the  two  key  ingredients,  namely, 
the  elastic  constants  and  the  strain-dependence  of  magneto¬ 
crystalline  anisotropy  (MCA)  energy  (so-called  magnetoelas¬ 
tic  coupling).  For  a  magnetostrictive  transition  metal  thin 
film,  its  thickness  (/)  should  change  when  the  magnetization 
turns  from  the  perpendicular  direction  (l±)  to  the  in-plane 
direction  (ZN).  Since  the  lattice  constant  in  the  lateral  plane  is 
fixed  by  the  nonmagnetic  substrate,  the  magnetostrictive  co¬ 
efficient  can  be  determined  as 


(/0=  —b/2a)  as  E=al2  +  bl  +  c.  If  we  assume  that  the  MCA 
energy  is  a  linear  function  of  /  as  EMCA~kll  +  k2,  then  we 
have  l±  —  l\\~kil2a  and 

X=-2k1I3b.  (3) 

Obviously,  while  the  value  of  b  can  be  easily  calculated,  the 
bottleneck  for  determination  of  X  is  the  value  of  kx,  i.e.,  the 
strain  dependence  of  the  MCA  energy. 

In  the  present  paper,  we  review  our  recent  developments 
on  the  state  tracking7  and  torque8  approaches  which  enable 
us  to  obtain  highly  stable  MCA  energies  for  transition  metal 
thin  films,  and  allow  us  to  report,  for  the  first  time,  calculated 
magnetostriction  coefficients  of  transition  metals  in  thin  film 
[Co/Cu(001)  and  Co/Pd(001)]  and  bulk  (fee  Co)  forms.  We 
found  that  the  MCA  energy  clearly  exhibits  a  good  linear 
relationship  with  respect  to  the  lattice  distortion  for  each  sys¬ 
tem  investigated;  this  demonstrates  the  possibility  of  deter¬ 
mining  magnetostriction  coefficients  using  modem  energy 
band  approaches. 


4  h-h 
3  /j_  +  /|| 


a) 


If  we  focus  on  the  contribution  from  the  interfacial  layers, 
we  can  interpret  /  as  the  equilibrium  overlay er/substrate  dis¬ 
tance.  For  real  transition  metal  overlayer  systems,  the  differ¬ 
ence  between  l±  and  ^  is  very  small  so  that 


_2  h-h 

3  l0 


(2) 


where  /0  is  the  equilibrium  overlayer/substrate  distance  for 
any  direction  of  magnetization  and  can  be  obtained  by  fitting 
the  calculated  total  energy  as  a  quadratic  function  of  l 


II.  METHODOLOGY 
A.  Model 

The  single  particle  Kohn-Sham  equation  is  solved  self- 
consistently  using  the  full  potential  linearized  augmented 
plane-wave  (FLAPW)  method,  which  makes  no  shape  ap¬ 
proximation  for  the  potential,  charge,  and  wave  functions9 
and  provides  highly  precise  total  energies.  For  the  Co/ 
Cu(001)  and  Co/Pd(001)  thin  films,  we  used  a  slab  model 
consisting  of  five  Pd  (Cu)  substrate  layers  and  a  pseudomor- 
phic  Co  overlayers  on  each  side.  The  ideal  fee  structure  with 
a  lattice  constant  of  7.35  a.u.  (6.83  a.u.)  is  assumed  for  the 
Pd  (Cu)  substrate  layers  while  the  vertical  Co-Pd(Cu)  inter¬ 
layer  distance  varies  as  a  parameter.  When  self-consistency 
for  the  semirelativistic  calculations  is  achieved,  i.e.,  when 
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and  are  less  than  2.0X10  4  e/(a.u.)3  (here  pc 

and  ps  stand  for  charge  and  spin  densities,  respectively),  the 
spin-orbit  coupling  (SOC)  Hamiltonian  is  invoked  as  a  per¬ 
turbation  in  a  second  variational  way. 


B.  MCA  by  state  tracking  and  torque  approaches 

As  is  known,  the  strength  of  SOC  in  3d  transition  metal 
systems  is  very  weak  (30-50  meV,  or  100  times  smaller  than 
that  of  the  crystalline  field)  and  thus  can  be  well  treated 
using  a  perturbative  framework.  As  stated  in  the  often-used 
MCA  force  theorem,10'11  the  MCA  energy  can  be  approxi¬ 
mately  taken  as  the  band  energy 

Emca=E(^)-E(  T) 

=  2  €,(->)- 2  e,.(T )  +  0(Spn).  (4) 

occ7  occ^ 

Very  recently,  we  proved  that  the  order  of  n  goes  up  to  4  for 
thin  film  systems11  and  thus  the  force  theorem  should  be  able 
to  provide  sufficient  accuracy  for  MCA  energy  determina¬ 
tions.  However,  several  numerical  uncertainties  have  been 
inherent  in  most  previous  ab  initio  MCA  calculations12”14 
because  the  sets  of  occupation,  i.e.,  {occ'}  and  {occ"},  were 
determined  through  the  Fermi  filling  scheme  which  relies  on 
the  very  limited  information  from  the  eigenvalues,  €t . 

Recently,  we  proposed  the  state  tracking  approach7  in 
which  the  {occ'}  and  {occ"}  are  determined  according  to  their 
projections  back  to  the  occupied  set  of  the  unperturbed 
states.  Since  this  procedure  ensures  minimum  change  in  the 
charge  and  spin  densities  as  required  by  the  force  theorem 
and  excludes  the  possible  randomness  in  the  Brillioun  zone 
(tracking  at  a  given  k  point),7  very  stable  MCA  results  have 
been  obtained  for  magnetic  thin  films  such  as  Fe,  Co,  and  Ni 
monolayers  in  free  standing  case  as  well  as  on  various  sub¬ 
strates  (Cu  and  Pd,  etc.)  with  relatively  small  number  of  k 
points.15-17  Perhaps  more  importantly,  the  behavior  of  MCA 
for  transition  metal  thin  films  can  now  be  related  to  more 
fundamental  properties  such  as  band  structures  and  wave 
functions.17  This  enables  us  to  explore  the  underlying  phys¬ 
ics  and,  furthermore,  to  figure  out  a  way  to  tune  the  MCA  for 
transition  metal  systems:  The  strong  in-plane  MCA  of  a  free 
standing  Co  monolayer  is  found  to  originate  from  the  cou¬ 
pling  between  the  occupied  dXZJZ  and  unoccupied  dzi  and 
dx 2-3,2  states  at  the  M  point.17  When  adsorbed  onto  the  Cu 
substrate,  for  example,  the  dxz>yz  state  is  lowered  in  energy 
due  to  the  interfacial  hybridization  and  thus  the  MCA  energy 
becomes  less  negative  in  Co/Cu  overlayer  systems  and  even 
positive  in  Co/Cu  sandwiches. 

More  recently,  we  proposed  a  torque8  method  which  can 
further  depress  the  remaining  uncertainties  resulting  from  the 
SOC  interaction  between  near-degenerate  states  around  the 
Fermi  level  (so-called  surface  pair  coupling).  To  demonstrate 
the  idea  of  the  torque  method,  recall  that  the  total  energy  of 
an  uniaxial  system  can  be  well  approximated  in  the  form  of 

E=E0  +  K2  sin2  0+K4  sin4  6 ,  (5) 


FIG.  1.  The  calculated  change  in  total  energy  (left  scale)  and  MCA  energy 
(right  scale)  as  a  function  of  the  overlayer/substrate  interlayer  distance  for 
(a)  Co/Cu(001)  and  (b)  Co/Pd(001). 


where  6  is  the  angle  between  the  normal  axis  and  the  direc¬ 
tion  of  magnetization.  It  is  easy  to  find  that  the  MCA  energy 
is  equal  to  the  angular  derivative  of  the  total  energy  (torque) 
at  a  “magic  angle”  of  0=45°  as 

EMCA=E(6=90°)-E(d=0°) 

=  K2  +  K4  =  dE/de\e=45°.  (6) 

If  we  apply  the  Feynman-Hellman  theorem,  EMCA  finally 
can  be  evaluated  as  (note  only  Hsoc=£ s-L  depends  on  0  in 
the  Hamiltonian) 


-MCA 


=2 


0=45° 


=2 


9HS0C 

Je 


\f r[ 


0=45° 


(7) 


where  is  the  ith  perturbed  wave  function. 

The  advantage  of  the  torque  method  is  obvious  since  in 
this  approach  we  only  have  to  deal  with  one  particular  mag¬ 
netic  orientation  and  thus  only  one  Fermi  surface  is  required 
for  the  k  integration.  In  addition,  the  MCA  energy  is  ex¬ 
pressed  as  the  expectation  value  of  the  angular  derivative  of 
Hsoc  and  thus  it  is  much  more  insensitive  to  the  surface  pair 
coupling.  With  the  aid  of  the  state  tracking  and  torque  meth¬ 
ods,  very  stable  results  have  been  obtained  for  various  tran¬ 
sition  metal  systems  and  thus  we  are  able  to  attack  the  long 
standing  problem  of  magnetostriction  in  transition  metals. 
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FIG.  2.  The  calculated  band  structures  (bottom  panel)  and  the  distributions 
of  the  MCA  energies  (top  panel)  along  high  symmetry  directions  in  the  BZ 
of  Co/Cu(001)  in  the  equilibrium  (solid  lines,  /  =  3.11  a.u.)  and  a  reduced 
geometry  (dashed  lines,  1  = 2.96  a.u.). 


III.  RESULTS 

To  determine  values  of  and  b  in  Eq.  (3),  we  calculated 
E  and  £MCA  for  Co/Cu(001)  and  Co/Pd(001)  as  functions  of 
their  overlayer/substrate  interlayer  distances,  L  For  each  sys¬ 
tem,  as  shown  in  Fig.  1 ,  while  the  total  energy  curve  can  be 
well  fitted  by  a  parabola,  the  MCA  energy  exhibits  a  fairly 
good  linearity — indicating  the  precision  of  the  present  calcu¬ 
lations  and  also  justifying  the  huge  range  of  strain  (A  If 
15%)  used  in  calculations  relative  to  saturation  magneto- 
strictive  strains  (A///~10-5).  We  found  for  Co/Cu(001)  that 
b  and  kx  are  equal  to  —4390  and  —0.376  meV/a.u.,  respec¬ 
tively;  thus,  the  calculated  X100  is  -5.7X  10“5.18  The  nega¬ 
tive  sign  means  that  the  Co-Cu  interlayer  distance  contracts 
when  the  direction  of  magnetization  changes  from  in-plane 
to  normal  to  the  surface.  Dramatically,  we  found  that  the 
MCA  energy  for  Co/Pd(001)  becomes  more  negative  when 
the  Co-Pd  distance  shrinks  and  thus  \001  becomes  positive , 
+2.3X10”4,  just  opposite  to  those  for  Co/Cu(001).  This  re¬ 
sult  is  in  reasonable  agreement  with  experiment  data  cur¬ 
rently  available.3 

To  reveal  the  physical  background  for  magnetostriction 
in  transition  metal  thin  films,  we  need  to  explain  why  the 
MCA  energy  becomes  less  (more)  negative  when  the  Co-Cu 
(Co-Pd)  distance  decreases.  As  discussed  above,  the  MCA 
energy  can  be  altered  if  one  increases  the  energy  separation 
between  the  dxy~dxzyz  and  dzi  —  dxzyz  states  around  the  M 
point.17  Of  key  importance,  we  can  see  from  the  band  struc¬ 
ture  in  the  bottom  panel  of  Fig.  2,  where  only  states  with 
weight  larger  than  50%  in  the  Co  muffin-tin  (MT)  spheres 
are  given,  that  the  Co -dxz  yz  states  hybridize  with  the  under¬ 


FIG.  3.  Same  as  Fig.  2  but  for  Co/Pd(001)  in  equilibrium  (solid  lines, 
/= 2.96  a.u.)  and  in  a  reduced  geometry  (dashed  lines,  1=2.16  a.u.). 


lying  Cu  d  states  and  split  into  a  few  states  (each  branch 
shown  in  Fig.  2  has  only  a  54%  weight  in  the  Co  MT  sphere) 
and  thus  their  energy  positions  are  lowered.  As  a  result,  the 
MCA  energy  in  the  top  panel  of  Fig.  2  becomes  almost  zero 
around  the  M  point  and,  subsequently,  the  MCA  energy  of 
Co/Cu(001)  is  only  -0.1  eV/adatom  at  the  equilibrium  ge¬ 
ometry.  When  the  Co-Cu  interlayer  distance  is  shortened 
further  to  2.96  a.u.,  as  shown  by  the  dashed  lines  in  Fig.  2, 
the  energy  position  of  the  Co -dxz  yz  states  appears  very  sen¬ 
sitive  to  the  Co-Cu  distance  and  is  lowered  further  by  0.05 
eV.  As  expected,  the  MCA  energy  shifts  up  to  be  slightly 
positive  around  the  M  point.  Thus  the  hybridization  between 
Co ~dxzyz  and  Cu  states  is  the  main  driving  force  for  the 
magnetostriction  for  Co/Cu(001). 

The  band  structures  of  Co/Pd(001)  are  plotted  in  the  bot¬ 
tom  panel  of  Fig.  3,  where  the  solid  lines  indicate  the  bands 
for  the  equilibrium  geometry  (Z =2.96  a.u.)  and  the  dashed 
lines  are  for  a  further  contracted  case  (/= 2.76  a.u.).  Due  to 
the  strong  Co-Pd  interfacial  hybridization  in  both  the  occu¬ 
pied  and  unoccupied  parts,  almost  all  of  the  Co  states  lose 
their  localizations  in  the  Co  MT  sphere  (most  of  them  have 
less  than  40%  weighting).  Most  strikingly,  the  Co -dxzyz 
states  are  split  even  into  the  unoccupied  region  around  the  M 
point  and,  correspondingly,  a  positive  contribution  to  the 
MCA  energy  in  the  M  neighborhood  is  found  as  shown  in 
the  top  panel  in  Fig.  3.  When  the  Co-Pd  interlayer  distance 
is  shortened  further  to  2.76  a.u.,  as  shown  by  the  dashed  lines 
in  Fig.  3,  the  band  broadening  enlarges  the  energy  separation 
between  the  occupied  and  unoccupied  Co-dxz  yz  states  and 
thus  their  positive  contributions  to  the  MCA  energy  is  re¬ 
duced.  Again,  the  most  pronounced  features  happen  around 
the  M  point  whereas  the  contributions  from  other  k  points 
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sion  of  modem  first  principles  approaches  appears  to  be  suf¬ 
ficient  for  the  determination  of  the  magnitude,  sign  and 
mechanism  of  the  tiny  magnetostriction  values  observed  in 
transition  metal  thin  films.  This  new  capability  for  making 
theoretical  predictions  and,  perhaps  more  importantly,  pro¬ 
viding  meaningful  physical  insights,  appears  possible  to  help 
guide  the  search  for  the  right  elements  and  compositions  to 
synthesize  thin  films  with  desired  magnetostrictive  proper¬ 
ties. 
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FIG.  4.  The  calculated  change  in  total  energy  (left  scale)  and  MCA  energy 
(right  scale)  as  a  function  of  the  length  of  the  c  axis  for  fee  Co  bulk  with 
distortions  that  preserve  (a)  a  constant  volume  and  (b)  a  constant  area  in  the 
lateral  plane. 

appear  not  to  be  very  sensitive  to  the  change  of  Co/Pd  dis¬ 
tance. 

As  a  further  step,  we  investigated  the  magnetostriction 
for  a  bulk  cubic  transition  metal.  In  Fig.  4,  the  calculated 
change  in  total  energy  (left  scale)  and  MCA  energy  (right 
scale)  per  Co  atom  for  bulk  fee  Co  with  respect  to  the  length 
of  the  c  axis  are  given  for  distortion  modes  with  (a)  a  con¬ 
stant  volume  and  (b)  a  constant  area  in  the  lateral  plane.  The 
linear  relationship  between  £MCA  and  /  is  obvious  for  both 
cases — indicating  a  possibility  to  determine  the  magneto¬ 
striction  even  for  a  cubic  transition  metal  bulk.  Quantita¬ 
tively,  for  cases  (a)  and  (b)  respectively,  the  calculated  \001 
are  10.2X1CT5  and  6.8X1CT5,  while  the  magnetoelastic  cou¬ 
pling  constants,19  namely  Bx,  are  —  1.6X108  erg/cm3  and 
-2.4X108  erg/cm3.  The  results  for  the  case  with  a  constant 
volume  are  surprisingly  close  to  the  measured  \001 
[1.3X1CT4  (Ref.  20)]  and  B1  [-1.6X108  erg/cm3  (Ref.  21)], 
and  appear  to  validate  the  present  approach  for  determining 
magnetostriction  in  transition  metal  systems. 

IV.  CONCLUSION 

In  conclusion,  with  the  aid  of  the  state  tracking  and 
torque  techniques  for  calculating  the  MCA  energy,  the  preci¬ 
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Materials  with  a  large  capacity  to  dissipate  mechanical  energy  are  of  interest  for  passive  vibration 
damping.  We  have  measured  the  zero-field  damping  capacity  of  the  giant  magnetostrictive  terbium- 
dysprosium-iron  compounds  by  quasistatic  stress-strain  hysteresis  loops.  The  magnetization  and 
strain  of  the  samples  were  measured  for  increasing  and  decreasing  compressive  stresses,  up  to  50 
MPa.  The  zero-field,  room  temperature  damping  capacity  (A  WIW)  was  calculated  from  the  stress- 
strain  loops  and  is  plotted  against  maximum  stress.  The  damping  capacity  maximum  for  the  alloy 
with  the  nominal  Terfenol-D  composition  occurs  at  4.1  MPa  with  the  value  1.75  which  corresponds 
to  £~1=0.28.  The  damping  is  almost  independent  of  stress  in  a  multi-phase  sample, 
(Tbo>6Dya4)FeL4,  which  contains  both  Laves  phase  and  elemental  rare  earth.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)77908-4] 


I.  INTRODUCTION 

Magnetomechanical  damping  of  vibrations  has  been 
known  for  many  years,1  but  has  not  been  exploited  in  mod¬ 
em  applications  of  passive  damping  materials.  Magnetic  al¬ 
loys  with  large  magnetomechanical  coupling  factors,  k ,  such 
as  Terfenol-D  (Tb03D07Fe2)  with  k =0.7,  transform  elastic 
energy  into  magnetic  energy  in  each  vibration  cycle  accord¬ 
ing  to  the  ratio  k2/(  1  -k2).  If  the  magnetic  system  has  a  high 
loss  factor,  less  energy  is  returned  to  the  elastic  system  and 
the  vibration  is  damped.  In  previous  work,2  we  extracted  the 
magnetomechanical  damping  capacity  of  Terfenol-D  from 
transducer  stress- strain  hysteresis  curves  measured  with 
magnetic  field  at  different  stresses.  The  stress-strain  hyster¬ 
esis  was  related  to  a  Stoner- Wolfarth  type  magnetic  hyster¬ 
esis  caused  by  magnetic  domain  jumping  between  different 
easy  axis  directions.  Both  the  data  and  model  indicate  that 
damping  should  be  a  maximum  for  zero  field  bias  conditions. 

In  this  paper  we  measure  the  quasistatic  stress-strain 
hysteresis  curves  for  zero  field  bias  for  both  polycrystalline 
Terfenol-D  rods,  as  well  as  for  a  rare  earth  rich 
(Tb^D^jFey  sample.  In  the  Terfenol  sample  the  maximum 
damping  capacity  exceeds  unity,  suggesting  a  great  potential 
for  this  material  for  high  stress  applications. 

II.  EXPERIMENT  AND  RESULT 

The  samples  consisted  of  high  purity  rare  earths  and  iron 
melted  by  rf  heating  and  subsequently  poured  into  a  cylin¬ 
drical  mold.  The  Terfenol-D  sample  had  a  nominal  composi¬ 
tion  of  Tb03D07Fe2,  a  diameter  of  1.5  cm,  and  exhibited  a 
simple  polycrystalline  morphology  with  grain  size  ranging 
between  0.025  and  0.05  cm.  The  high  rare  earth  concentra¬ 
tion  eutectic  sample  had  a  nominal  composition  of 
(Tbo^Dyo^Fej  4,  a  diameter  of  0.9  cm,  and  exhibited  a  com¬ 
plex  polycrystalline  morphology  with  no  feature  larger  than 
0.01  cm. 

The  samples  were  placed  in  an  apparatus  that  could  ap¬ 
ply  incremental  quasistatic  uniaxial  pressure  up  to  100  MPa 
and  a  saturating  magnetic  field  of  2500  Oe.  The  apparatus 
was  instrumented  with  an  analog  pressure  gage  and  a  cali¬ 


brated  NIST  traceable  load  cell.  Each  sample  was  instru¬ 
mented  with  two  commercial  foil  strain  gages  and  a  50  turn 
pick-up  coil.  Each  stress-strain  data  acquisition  sequence 
started  with  the  application  of  a  saturating  magnetic  field 
being  directed  along  the  stress  axis.  This  was  done  to  estab¬ 
lish  an  initial  strain  state  equivalent  to  the  remanent  state  that 
would  be  produced  by  a  saturating  tensile  stress.  Since  Ter¬ 
fenol  is  a  brittle  intermetallic  which  is  fragile  under  tensile 
stress,  only  the  compressive  portions  of  the  stress- strain  hys¬ 
teresis  loops  were  obtained  by  direct  application  of  stress. 

In  order  to  determine  the  damping  characteristics  of 
highly  magnetostrictive  materials,  a  series  of  strain  data  as  a 
function  of  positive  stress  was  taken,  each  series  started  at 
zero  stress  and  a  reproducible  initial-state  strain,  went  up  to  a 
predetermined  maximum  stress  (crm)  and,  returned  to  zero 
stress.  The  results  of  this  procedure  for  the  polycrystalline 
Terfenol-D  sample  is  shown  in  Fig.  1.  The  inset  details  the 
maximum  stress  applied  for  each  individual  data  set.  Similar 
curves  were  obtained  for  the  sample  containing  the  eutectic. 
However,  for  this  sample,  the  enclosed  stress-strain  area 
which  corresponds  to  the  losses,  are  smaller. 


FIG.  1 .  Stress-strain  half  loops  taken  at  room  temperature  on  polycrystal¬ 
line  Terfenol-D.  The  inset  shows  the  maximum  applied  stress  ( crm )  for  each 
half  loop. 
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FIG.  2.  The  half  loop  enclosed  area  for  polycrystalline  Terfenol-D  (■)  and 
the  high  eutectic  sample  (A)  as  a  function  of  maximum  applied  stress  (crm). 


FIG.  3.  The  damping  coefficient  AW/ W  for  polycrystalline  Terfenol-D  (■) 
and  the  high  eutectic  sample  (A)  as  a  function  of  maximum  applied  stress 

(O- 


The  damping  capacity  was  calculated  from  these  data 
sets  by  integrating  the  half  loop  area  and  applying  the  for¬ 
mula:  AW/W=(2*half  loop  area)/[l/2(am*6m)].  Here  em  is 
the  strain  corresponding  to  the  maximum  stress,  am .  The 
areas  for  both  samples  are  plotted  vs  am  in  Fig.  2.  The  cor¬ 
responding  values  of  AW/ W  are  plotted  in  Fig.  3. 

Application  of  a  bias  magnetic  field,  (0<//<500  Oe), 
during  the  damping  data  acquisition  leads  to  a  reduction  in 
the  damping  coefficient  with  increasing  applied  field. 

III.  DISCUSSION 

In  order  to  understand  and  tailor  magnetomechanical 
damping  we  need  to  relate  it  to  the  independently  measurable 
materials  parameters:  magnetization,  M ,  magnetocrystalline 
anisotropy,  K ,  magnetostriction,  X,  and  elastic  modulus,  Y. 
Stress-strain  hysteresis  due  to  magnetoelastic  coupling  de¬ 
rives  from  some  of  the  same  loss  mechanisms  that  contribute 
to  magnetic  hysteresis.  However,  since  the  tensor  symmetries 
of  a  magnetic  field  and  an  applied  stress  are  different,  their 
effect  on  domain  wall  motion  and  magnetic  domain  rotation 
will  be  different,  depending  on  the  crystal  symmetry  of  the 
material.2  Stress  cannot  discriminate  between  180  deg  do¬ 
mains  and  therefore  will  not  produce  hysteresis  in  materials 
with  uniaxial  symmetry.  In  a  cubic  material  such  as  Terfenol, 
an  applied  stress  will  change  the  relative  energies  of  the  ini¬ 
tially  equivalent  easy  axis  domain  orientations.  At  some  criti¬ 
cal  stress  the  magnetization  will  jump  between  the  now  in¬ 
equivalent  directions,  and  the  strain  which  is  coupled 
magnetoelastically  to  the  magnetization  will  also  change  dis- 
continuously.  We  define  the  critical  stress  to  be  that  stress  for 
which  the  barrier  between  the  energy  minima  disappears. 
Steady  state  oscillations  will  drive  the  system  cyclically  be¬ 
tween  two  different  magnetization/strain  states.  A  derivation 
of  stress -strain  hysteresis  for  a  stress  applied  along  [001]  to 
a  cubic  crystal  with  {100}  easy  axes  (K>  0)  was  presented  in 
the  appendix  of  Ref.  2.  Critical  stresses  are  found  to  be  pro¬ 
portional  to  K/X  and  the  peak  damping  capacity  is  propor¬ 
tional  to  YX2K.  Calculations  for  a  Terfenol  single  crystal 
with  {111}  easy  axes  (K<0)  proceeds  in  the  same  way  by 
finding  the  minima  of  the  generalized  free  energy  for  the 
single  crystal  with  an  externally  applied  stress,  <7 


E  —  K(  of  aj  H  )  -  §X  ioo(c  li  “  c  12X  €ual  ) 
-3X111C44(ej7a/a;-4--‘0  +  kn(4+*‘') 

+  Cl2(  €ii€jj+*  •*)  +  \cAA{  *  *  * )  ”  <*- 

where  the  at  are  the  vector  components  of  the  magnetization, 
the  €tj's  are  the  Cartesian  strains,  and  X100  and  Xin  are  the 
lowest  order  cubic  magnetostriction  constants.  For  Terfenol, 
X100  is  about  zero  to  a  good  approximation  and  may  be  ne¬ 
glected.  The  €}j 9 s  are  eliminated  by  imposing  the  equilibrium 
conditions  dE/de^—  0,  and  the  equilibrium  value  of  a  can 
then  be  determined  from  the  condition  of  zero  torque  a{dE/ 
otej—O.  Solutions  of  the  torque  equations,  obtained  numeri¬ 
cally,  yield  magnetization-stress  hysteresis  loops.  Magneto¬ 
elastic  strain  loops  are  calculated  from  them  using 
e=3Xn l(aiotjfiiPj  +  —)9  where  defines  the  stress-strain 
axis. 

A  series  of  stress-strain  hysteresis  loops  for  stress  ap¬ 
plied  in  the  (110)  plane  at  an  angle  0  from  the  [110]  direction 
is  shown  in  Fig.  4.  We  can  approximate  the  stress-strain 
hysteresis  for  a  Terfenol  polycrystal  by  an  appropriately 
weighted  sum  of  the  hysteresis  curves  for  individual  crystal¬ 
lites  randomly  oriented  with  respect  to  the  stress  axis. 

A.  Stress  along  [111] 

Here  the  two  easy  axes  collinear  with  the  stress  ([111] 
and  [ITT])  are  inequivalent  to  the  other  six  easy  directions, 
which  are  all  equivalent  to  each  other.  The  stress-collinear 
pair  remains  stationary  but  the  other  six  easy  directions  ro¬ 
tate  with  applied  stress  and  the  magnetization  jumps  between 
them  and  the  two  stationary  easy  directions  at  the  critical 
stresses  a=—  0A5K/Xm  and  <r=0.44£/Xnl  [see  Fig.  4(b)]. 

B.  Stress  along  [112] 

For  stresses  applied  along  lower  symmetry  directions 
such  as  [112],  all  of  the  easy  axes  rotate  with  applied  stress. 
The  moment  jumps  between _the  easy  axis  pair  nearest_to  the 
stress  direction  ([111]  and  [1  1  1])  and  the  pair  ([111]  and 
[III])  in  the  same  (110)  plane  at  the  critical  stresses  a 
—  —0.17  K/Xm  and  <7=0.25  K/Xm  [see  Fig.  4(c)].  The  re- 
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(111)  Stress/(KAU1) 

FIG.  4.  Calculated  stress-strain  hysteresis  loops  for  [111]  easy  material  and 
for  stress  applied  in  the  (1 10)  plane  at  increasing  angle,  9 ,  from  [110].  Stress 
in  units  of  AVXni ,  positive  values  indicate  compressive  stress.  Strain  in  units 
of  Xm,  negative  values  indicate  compressive  strain.  Jumps  are  indicated  by 
vertical  lines. 

maining  four  easy  axis  directions  not  in  the  (110)  plane  are 
less  strongly  affected  by  the  applied  stress.  The  barriers  pre¬ 
venting  out-of-plane  jumping  do  not  disappear  until  jumping 
has  already  occurred  in-plane  thus  out  of  plane  jumping  may 
be  neglected  to  lowest  order. 

C.  Stress  along  [001] 

In  this  case  all  of  the  easy  directions  remain  equivalent 
and  no  jumping  occurs.  At  angles  of  applied  stress  close  to 
this  hard  axis  [Fig.  4(e)],  the  critical  stress  for  jumping  ap¬ 


proaches  infinity  and  the  magnitude  of  the  jumps  approaches 
zero.  A  similar  thing  happens  for  stress  applied  along  or 
close  to  [110]  [Fig.  4(a)],  except  that  in  this  case  only  the 
four  in-plane  axes  remain  equivalent  and  out-of-plane  jump¬ 
ing  should  be  included. 

By  inspection  we  see  that  the  maximum  hysteresis  oc¬ 
curs  for  crystallites  oriented  with  an  easy  axis  close  to  the 
applied  stress  direction.  For  Terfenol  (\=1600£-6,  K=8E4 
J/m3)  the  maximum  damping  capacity  is  predicted  for  a 
stress  applied  along  [111]  with  a  peak  value  of  about  5  at  15 
MPa  stress  [see  Fig.  4(b)  for  the  stress-strain  curve  that 
yields  this  result).  Averaging  over  crystallites  will  reduce  the 
hysteresis  by  a  factor  of  2-3  depending  on  the  texturing  of 
the  sample.  This  estimate  is  consistent  with  the  maximum 
damping  capacity  as  measured  in  Terfenol  and  shown  in  Fig. 
3  above.  The  data  for  the  eutectic  sample  illustrates  both  a 
reduction  of  damping  capacity  due  to  a  smaller  proportion  of 
magnetostrictive  material  and  the  extreme  broadening  of  the 
damping  peak  due  to  the  spread  of  stresses  experienced  by 
material  in  a  composite.  The  measured  damping  capacity  of 
0.2,  however  is  still  quite  large  when  compared  to  conven¬ 
tional  damping  materials. 
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The  temperature  dependence  of  Young’s  modulus  has  been  measured  for  a  series  of  Tb^Dy^Zn 
pseudobinary  compounds  with  x  ranging  from  0  to  1.  From  the  sharp  dips  in  the  modulus  vs 
temperature  data,  the  reorientation  transition  temperatures  have  been  determined,  and  the  magnetic 
phase  diagram  deduced.  Magnetization  measurements  taken  on  the  same  samples  show  less 
pronounced  features  at  the  corresponding  temperatures.  ©  1996  American  Institute  of  Physics . 
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INTRODUCTION 

The  series  of  pseudobinary  compounds  Tb^Dy^Zn 
have  several  characteristics  which  make  them  attractive  for 
scientific  and  technological  reasons.  They  have  simple 
atomic  structures  (CsCl),  are  all  ferromagnets  with  only  one 
magnetic  species  whose  magnetic  polarization  arises  almost 
exclusively  from  the  localized  4/  electrons.1  Easy  axis  reori¬ 
entations  observed  for  x=s0.6  (Refs.  2  and  3)  mean  low 
anisotropies  at  temperatures  near  the  transition  points.  This, 
combined  with  large  magnetostrictions  leads  to  strong  mag¬ 
netomechanical  coupling,  depending  on  x,  from  63  K  at  x=0 
to  4.2  K  near  x=0.6.  The  use  of  fourth-  and  sixth-order 
anisotropy  constants  to  describe  the  magnetic  energy  has  not 
been  adequate  for  describing  related  pseudobinary  rare  earth 
compounds.  In  fact,  for  the  low-T  portion  of  the  T—x  phase 
diagram  there  are  phases  in  which  the  magnetization  is  di¬ 
rected  along  nonprincipal  axes.4  One  requires  at  a  minimum, 
eighth-order  anisotropy  terms  to  reproduce  these  phases.5 
The  higher-order  terms  can  arise  from  crystalline  electric 
field  contributions  to  the  4/-electron  wave  functions6  and 
from  local  fluctuations  in  magnetization  direction  caused  by 
competing  terbium  and  dysprosium  anisotropies.7  The 
former  mechanism  is  in  principle  present  even  in  the  binary 
compounds  while  the  latter  is  expected  to  vary  as  x(l  —  x). 

In  the  past,  these  magnetic  phase  diagrams  were  deter¬ 
mined  by  torque  magnetometry  on  single  crystal  specimens 
of  Tb1_JCHojCFe2,8  and  Mossbauer  measurements4  on  poly¬ 
crystalline  Laves  phase  pseudobinaries.  At  present,  only 
polycrystalline  specimens  of  the  Tbt_^DyxZn  are  available. 
The  special  feature  of  the  Laves  phase,  which  allowed  use  of 
Mossbauer  spectra  to  determine  the  easy  directions,  is  miss¬ 
ing  in  the  CsCl  structure.  It  is  still  possible,  however,  to 
determine  the  phase  boundaries,  if  not  the  nature  of  the 
phases  themselves  by  measuring  the  elastic  modulus  vs  tem¬ 
perature.  Intuitively,  minima  or  sharp  features  of  some  kind 
would  be  expected  at  a  magnetization  reorientation  tempera¬ 
ture.  We  report  measurements  of  Young’s  modulus  as  a  func¬ 
tion  of  temperature  for  a  series  of  polycrystalline 
Tbj^Dy^Zn.  Broad  minima  were  found  in  all  the  samples. 
For  x^0.5  sharp  dips  were  seen  as  well.  For  x=0.125,  two 
such  dips  were  seen.  The  dips  are  interpreted  as  marking 
second-order  transitions  between  different  easy  magnetiza¬ 
tion  directions.  From  these  and  prior3  data,  a  magnetic  phase 
diagram  is  constructed  which  predicts  the  existence  of  a 


phase  with  [u,vfi]  easy  axis  from  x^O.l  to  x^0.5.  Some 
idea  of  the  x  dependence  of  the  ratios  of  the  fourth-  and 
sixth-order  anisotropy  constants  was  obtained  using  this 
phase  diagram.  The  origin  of  the  broad  temperature  minima 
observed  in  all  samples  is  discussed  in  terms  of  a  model  of 
competing  crystalline  and  dipolar  anisotropies. 

EXPERIMENT 

Polycrystalline  alloys  of  Tbj^Dy^Zn  with  0<x<l  were 
prepared  at  Ames  Laboratory  from  stoichiometric  propor¬ 
tions  of  99.99%  pure  Tb,  Dy,  and  Zn.9  Small  disks  (~100 
mg)  for  magnetization  measurements  and  small  transducer 
rings  (~6  mm  i.d.X-8.8  mm  o.d.X-0.8  mm  thick)  for 
magnetoelastic  measurements  were  cut  from  each  alloy  com¬ 
position.  To  improve  sample  homogeneity,  the  samples  were 
then  annealed  in  an  inert  atmosphere  for  a  period  of  18  h  up 
to  1  week  at  —900  C.  Magnetization  as  a  function  of  tem¬ 
perature  and  magnetic  field  was  measured  for  each  disk 
sample  in  a  vibrating  sample  magnetometer.  The  magneto¬ 
elastic  properties  were  measured  using  the  ring  samples  tor- 
oidally  wound  with  three  coils:  (1)  a  dc  bias  coil,  (2)  an  ac 
excitation  coil,  and  (3)  an  ac  pickup  coil.  The  dc  bias  coil 
was  used  to  magnetize  the  samples  before  each  measure¬ 
ment.  The  complex  impedance  as  a  function  of  frequency 
was  measured  to  determine  resonant  frequencies  as  a  func¬ 
tion  of  temperature.  The  former  are  related  to  Young’s  modu¬ 
lus,  E ,  as 

E=  a)2rpa2,  (1) 

where  a  is  the  ring  radius  [a  =  l/4(o.d.+i.d.)],  p  is  the  den¬ 
sity,  and  (or  is  the  resonant  frequency.  Errors  in  the  tempera¬ 
ture  measurement  were  on  the  order  of  ±1.5%.  Further  ex¬ 
perimental  details  can  be  found  in  Ref.  3. 

RESULTS 

Figure  1  shows  the  modulus  vs  temperature  for  samples 
with  x=0  and  x  =0.075.  The  sharp  dip  in  the  x=0  (TbZn) 
modulus  at  T=6 3  K  coincides  with  the  reorientation  tem¬ 
perature  measured  in  single  crystals  by  magnetization  vs 
temperature  curves.3  Besides  the  sharp  dip  in  modulus  at  53 
K  in  the  x =0.075  sample,  note  the  drop  in  modulus  at  tem¬ 
peratures  below  20  K.  At  larger  x,  the  sharp  dip  is  found  at 
lower  temperatures,  while  a  second  dip  at  around  13  K  is 
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FIG.  1.  Young’s  modulus  vs  temperature  forTbZn  (■)  and  Tb0  925Dy0  075Zn 
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FIG.  3.  Young’s  modulus  vs  temperature  for  Tb06Dy04Zn  (■),  Tb05DyQ5Zn 
(A),  and  Tb04Dy06Zn  (O). 


apparent  in  the  0.125  sample  (see  Fig.  2).  Note  also  that  the 
dip  in  the  0.150  sample  is  broader,  and  is  largest  at  yet  a 
lower  temperature  than  those  with  smaller  x.  As  x  is  in¬ 
creased  beyond  0.15,  the  dip  becomes  narrower  and  moves 
to  lower  temperature.  By  x=0.4,  the  dip,  while  still  clearly 
visible,  represents  a  relatively  small  decrease  in  modulus  on 
a  background  that  is  rapidly  increasing  with  decreasing  tem¬ 
perature.  At  x=0.5,  the  dip  was  seen  in  some  runs  and  not  in 
others.  It  is  not  visible  in  the  data  presented  in  Fig.  3.  There 
is,  however,  a  slight  rise  in  the  magnetization  between  15 
and  5  K.  The  x =0.6  sample  does  not  show  any  dip  in  modu¬ 
lus  for  temperatures  down  to  4.2  K,  although  the  magnetiza¬ 
tion  does  show  a  small  increase  around  10  K. 

Assuming  that  the  temperatures  at  which  the  cusplike 
dips  appear  in  the  moduli  mark  the  boundary  between  differ¬ 
ent  easy  axis  magnetization  directions,  we  have  constructed 
the  magnetic  phase  diagram  for  Tb{  ^Dy^Zn  depicted  in  Fig. 
4.  The  facts  that  the  magnetization  of  TbZn  reorients  directly 
from  [100]  to  [110], 2  that  there  are  two  cusplike  dips  in  the 
modulus  of  the  x  = 0.075  sample,  and  that  the  modulus  dip  of 
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FIG.  2.  Young’s  modulus  vs  temperature  for  (A)  Tb09Dy01Zn,  (B) 
Tbo.875Dyo.125Z11’  and  (C)  Tb0  g5Dy0 15Zn. 


the  x  =0.15  sample  is  relatively  broad  (which  means  that  this 
sample  is  near  a  phase  boundary  over  a  wide  temperature 
range),  support  the  indicated  assignments  of  phases  on  the 
T—x  diagram. 

The  magnetization  measurements  also  show  a  significant 
coercivity  at  low  temperatures  for  x 5*0.6  which  increases  to 
about  1  kOe  for  x  — 1.0  and  7^20  K.  Coercive  fields  of  that 
order  of  magnitude  below  25  K  have  been  reported  previ¬ 
ously  for  DyZn.10 

As  we  mentioned  at  the  outset,  at  least  three  anisotropy 
constants  are  required  to  describe  a  phase  diagram  such  as 
that  of  Fig.  4,  in  which  there  exist  regions  in  which  the 
magnetization  lies  in  nonprincipal  directions.  Writing  the  an¬ 
isotropy  energy  of  a  particular  crystallite  in  terms  of  at ,  the 
direction  cosines  of  the  magnetization, 


E=Ka'%  a2a2  +  K6a2xa2a2  +  K^  afaj> 

i>j  i>j 


it  was  shown  in  Ref.  5  that  the  [w,u, 0]  phase  is  stable  for 
0^K4/K6^~0.5,  K6/K%> 2.  Since  the  portion  of  the  phase 
diagram  near  x=0  shows  no  such  phase,  it  must  be  that 
^8=0  for  x=0.  On  the  other  hand,  for  x5*0.1,  the  [u,v, 0] 
phase  is  stable  for  all  T<35  K,  so  Ks  must  increase  rapidly 


x 


FIG.  4.  Easy  magnetization  phase  diagram  for  Tb^Dy^Zn.  The  dashed 
lines  are  guides  to  the  eye.  The  solid  triangle  is  estimated  from  the  drop  in 
the  *  =  0.1  modulus  as  T— >0.  The  open  squares  represent  the  lowest  points  of 
the  sharp  dips  in  modulus  vs  temperature. 
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with  x,  and  remain  nonzero  at  least  as  far  as  *=0.6.  These 
circumstances  lead  us  to  conclude  that  most  of  the  contribu¬ 
tion  to  K8  comes  from  the  Tb-Dy  competing  anisotropy  ef¬ 
fect.  If  this  is  so,  we  expect  that  the  [u, i>,0]  phase  is  non- 
uniform;  only  the  direction  of  the  net  magnetization  is 
actually  along  [u,v, 0];  the  local  magnetization  varies  spa¬ 
tially  within  each  domain. 

MAGNETOELASTIC  MODULUS  SOFTENING 

For  all  the  samples,  we  find  a  softening  of  the  modulus 
below  the  Curie  temperature,  Tc .  In  contrast  to  the  cusplike 
features  which  mark  the  magnetization  reorientations,  this 
softening  takes  place  over  a  wide  temperature  range,  from 
just  below  Tc  to  as  low  as  25  K  for  the  *^0.4  samples. 
Similar  softening  has  been  observed  in  the  shear  moduli  of 
RCo2  compounds11  and  in  Tbo.3Dy07Fe2.12  The  origin  of 
these  reductions  in  the  moduli  is  undoubtedly  the  magneto¬ 
elastic  coupling,  traceable  to  the  anisotropic  rare  earth  atoms. 
Schematically,  we  have  the  change  in  modulus  as 

A  E~-B2/Kefi,  (3) 

where  B  is  some  magnetoelastic  coupling  coefficient  and  Keff 
is  an  effective  anisotropy.  For  cubic  polycrystals,  Keff  is  de¬ 
termined  by  a  competition  between  fourth  (K4)  and  higher- 
order  anisotropy  coefficients,  which  tend  to  pull  the  magne¬ 
tization  along  easy  crystalline  axes,  and  the  dipole  forces 
which  tend  to  align  the  magnetization  along  the  circumfer¬ 
ential  direction,  in  the  case  of  our  ring-shaped  samples.  The 
latter  we  model  as  a  uniaxial  (K2)  anisotropy,  going  as  M2. 
Just  below  the  Curie  temperature,  the  uniaxial  anisotropy 
dominates;  A E~-B2!K2.  Well  below  this  temperature  re¬ 
gime,  A E - B2IK4.  In  between  these  extremes,  the  two 

anisotropies  compete,  causing  a  series  of  reorientations  over 
a  broad  range  of  temperatures  at  which  ^eff  is  much  smaller 
than  either  K4  or  K2.  The  result  is  a  broad  minimum  in  AE 
plotted  vs  K2IK4 .  When  mapped  onto  the  temperature  axis, 
using  for  example  M4  for  the  temperature  dependence  of  the 
crystalline  anisotropy,  the  result  is  a  broad  dip  in  the  modu¬ 
lus  vs  temperature,  as  observed.  Details  of  the  modelling  and 
more  precise  comparisons  with  the  data  will  be  published 
separately. 


SUMMARY 

Young’s  modulus  as  a  function  of  temperature  has  been 
measured  for  a  series  of  Tb^Dy^Zn  pseudobinary  com¬ 
pounds  with  *  ranging  from  0  to  1.  From  the  sharp  dips  in 
the  modulus  vs  temperature  data,  the  reorientation  transition 
temperatures  have  been  determined,  and  the  magnetic  phase 
diagram  deduced.  Magnetization  measurements  taken  on  the 
same  samples  show  less  pronounced  features  at  the  corre¬ 
sponding  temperatures.  We  note  that  the  model  discussed  in 
the  previous  section,  with  suitable  allowance  for  different 
sample  shapes  and  measurement  frequencies,  should  de¬ 
scribe  the  temperature  softening  of  the  Young’s  or  shear 
modulus  in  any  magnetoelastic  polycrystal. 
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Enhancement  of  piezomagnetic  response  of  highly  magnetostrictive  rare 
earth-iron  alloys  at  kHz  frequencies 
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R.  D.  Greenough  and  I.  M.  Reed 
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The  effects  of  A1  and  Si  additions  on  the  frequency  response  of  highly  magnetostrictive  Tb-Dy-Fe 
alloys  have  been  studied.  These  elements  reduced  the  electrical  conductivity  of  the  material,  thereby 
increasing  the  depth  of  penetration  of  ac  magnetic  fields  and  extending  the  operational  frequency 
range.  Complex  permeability  measurements  were  made  on  doped  and  undoped  polycrystalline 
samples  with  the  objective  of  studying  the  improvement  in  energy  conversion  efficiency  at  kilohertz 
frequencies  as  a  result  of  the  alloying  additions.  The  resulting  complex  permeability  was  compared 
with  the  values  for  single  crystal  specimens  of  Tbo^Dyo  yFej  92  at  a  range  of  frequencies  from  10  Hz 
to  50  kHz.  ©  1996  American  Institute  of  Physics.  [S0021 -8979(96)78 108-X] 


INTRODUCTION 

The  room  temperature  magnetostriction  of  rare  earth- 
iron  alloys,  such  as  Terfenol-D  has  a  magnitude  of  typically 
1600  ppm.1  This  has  stimulated  research  into  their  use  in 
sensor  and  transducer  applications.  For  instance,  microposi¬ 
tioning  and  adaptive  vibration  control  applications  require  an 
appropriate  high  frequency  response.  Undoped  Terfenol-D 
has  a  conductivity  of  60X10-8  0  m  which  significantly  re¬ 
duces  the  magnetic  field  penetration.  For  example,  the  skin 
depth  is  typically  1.5  mm  in  Terfenol-D  at  50  kHz.  This 
limits  the  diameter  of  a  Terfenol-D  rod  that  can  usefully  be 
employed  and  consequently  restricts  the  load  bearing  capa¬ 
bility  of  an  actuator.  Doping  Terfenol-D  with  light  elements 
such  as  aluminum,  silicon,  or  boron  could  offer  a  route 
whereby  the  electrical  resistivity  can  be  increased  by  provid¬ 
ing  scattering  sites  for  the  conduction  electrons,  thereby  re¬ 
ducing  eddy  current  effects  without  having  a  large  adverse 
effect  on  the  magnetoelastic  properties. 


EXPERIMENTAL  TECHNIQUES 

Measurements  of  complex  permeability  were  taken  as  a 
function  of  frequency  for  both  doped  and  undoped  polycrys¬ 
talline  samples  and  for  twinned  single  crystal  samples  of 
Terfenol-D.  Each  specimen  was  approximately  50  mm  long 
and  9  mm  in  diameter.  The  voltage  signal  from  an  encircling 
flux  coil  on  the  specimen  was  analyzed  using  a  lock-in  am¬ 
plifier.  The  lock-in  amplifier  provided  the  reference  signal 
driving  the  solenoid  which  generated  the  applied  magnetic 
field.  An  ac  magnetic  field  amplitude  of  240  A/m  was  applied 
at  frequencies  in  the  range  10  Hz-50  kHz.  The  variation  of 
complex  permeability  with  frequency  is  shown  in  Fig.  1  for 
single  crystal  Terfenol  and  three  specimens  of  polycrystalline 
Terfenol.  Resonance-antiresonance  data  obtained  from  the 
rate  of  change  of  magnetic  induction  are  shown  in  Fig.  2. 

The  performance  of  the  materials  was  quantified  in  terms 
of  the  two  piezomagnetic  coefficients,  d=(d\ldH)B  and 
g  =  —  (d\l dB) a  and  the  magnetomechanical  coupling  coef¬ 
ficient  k .  Real  and  imaginary  components  of  the  piezomag¬ 
netic  strain  coefficient  g,  elastic  compliance  s,  and  complex 


permeability  fx  were  determined  for  the  polycrystalline 
samples. 

The  magnetomechanical  coupling  coefficient  k  is  often 
calculated  from  resonance-antiresonance  data  using 


(i) 


where  fr  is  resonant  frequency  and  fa  is  the  antiresonant 
frequency.  Another  method  for  calculating  k  is  using  the  pi¬ 
ezomagnetic  coefficient  g,  permeability  at  constant  stress  fis 
and  compliance  at  constant  induction  sB .  This  is  the  so- 
called  three  parameter  method.  The  value  of  k  is  obtained 
from 


k2  =  g2^.  (2) 

SB 

Both  of  these  methods  for  determining  k  have  limita¬ 
tions,  however.  The  resonance  method  takes  no  account  of 
the  behavior  of  the  material  other  than  the  locations  of  the 
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FIG.  1.  Complex  permeability  for  (a)  single  crystal  Terfenol,  (b)  undoped 
polycrystalline  Terfenol,  (c)  polycrystalline  Terfenol  +1%  Si,  (d)  polycrys¬ 
talline  Terfenol  +1%  Al. 
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FIG.  2.  Resonance-antiresonance  peaks  for  polycrystalline  Terfenol  4-1% 
Si. 
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FIG.  3.  Calculated  skin  depth  of  Terfenol  samples  as  a  function  of  frequency 
of  applied  field. 


resonance  and  antiresonance  frequencies,  and  therefore  is 
highly  susceptible  to  slight  shifts,  or  even  inaccuracies  in  the 
determination  of  these  frequencies. 

On  the  other  hand,  the  analysis  leading  up  to  the  deriva¬ 
tion  of  Eq.  (2)  for  the  three  parameter  method  is  flawed 
because  it  rests  on  the  assumption  of  small  amplitude,  linear 
and  reversible  displacements,  all  three  of  which  are  disput¬ 
able  in  the  case  of  a  ferromagnetic  material. 

Recently  an  improved  method  has  been  developed  for 
the  determination  of  the  coupling  coefficient  k  using  plane 
wave  modeling  techniques.2  This  allows  the  shape  of  the 
entire  frequency  response  curve  of  Fig.  2  to  be  used  to  de¬ 
termine  k.  Such  a  calculation  is  both  more  robust  and  more 
appropriate  than  the  conventional  methods  used  to  date. 

The  coupling  factor,  k  was  obtained  from  the  magneto¬ 
mechanical  resonance  in  rods  of  different  compositions,  each 
approximately  50  mm  long  and  9  mm  in  diameter.  With  no 
applied  prestress,  a  longitudinal  dc  bias  field  of  52  kA/m  was 
sufficient  to  obtain  maximum  coupling.  The  frequency  of  an 
oscillatory  excitation  field  of  amplitude  80  A/m  was  swept 
through  a  range  of  frequencies  including  the  resonance  and 
antiresonance.  The  amplitude  and  phase  of  the  emf  induced 
in  a  flux  coil  wound  around  the  sample  were  recorded  con¬ 
tinuously  through  the  whole  resonance  region.  The  calcu¬ 
lated  values  of  coefficients,  g,  /xs ,  and  sB  were  corrected  for 
the  effects  of  specimen  shape  and  resonant  frequency  using 
the  plane  wave  model.2 

A  comparison  was  made  of  the  measured  response  with 
that  predicted  from  a  model  based  on  plane  acoustic  wave 
propagation  in  a  magnetoelastic  medium.3,4  Values  for  the 
piezomagnetic  strain  coefficient  g,  permeability  at  constant 
strain  /x,  and  the  elastic  compliance  at  constant  induction  s B , 
enabled  the  magnetomechanical  coupling  coefficient  k  to  be 
calculated.  The  resistivities  of  the  specimens  were  measured 
using  a  standard  four  probe  method. 

RESULTS  AND  DISCUSSION 

Nominal  skin  depth  S  was  calculated  for  all  samples 
using 
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S =  yjp/VTTfl,  (3) 

where  p  is  the  resistivity,  v  is  the  frequency,  and  fx  is  the 
permeability.  Skin  depth  variation  for  the  different  samples 
as  a  function  of  frequency  is  shown  in  Fig.  3.  The  skin 
depths  for  the  doped  specimens  were  calculated  using  Eq.  (3) 
together  with  the  measured  values  of  the  resistivity  p.  The 
resistivities  of  the  doped  samples  are  an  average  of  125% 
greater  than  the  pure  Terfenol  samples.  The  skin  depths  at  1 
kHz  were  found  to  be  80%  greater  in  the  doped  specimens 
than  in  both  the  pure  polycrystalline  Terfenol  and  the  pure 
single  crystal  Terfenol. 

The  polycrystalline  unalloyed  Tb-Dy-Fe  material  had 
d=1.37Xl(T9  m/A,  g=0.756Xl0“3  A  s2/kg,  and  &=0.23. 
An  addition  of  1%  A1  increased  d  to  1.89X10-3  m/A  and 
increased  k  to  0.287.  An  addition  of  1%  Si  increased  d  to 
1.92X10-9  m/A  and  increased  k  to  0.290.  These  results 
showed  that  alloying  additions  of  either  1%  A1  or  Si  led  to  an 
increase  of  typically  55%  in  energy  conversion  efficiency  in 
the  material  (see  Table  I).  This  improvement  arises  primarily 
because  of  the  improved  depth  of  penetration  of  the  magnetic 
field  in  the  material  as  shown  in  Fig.  3. 

CONCLUSION 

There  is  a  need  to  extend  the  useful  operating  range  of 
magnetostrictive  materials  such  as  Terfenol-D.  Presently, 
material  performance  is  limited  by  skin  depth,  which  de¬ 
pends  on  conductivity  of  the  material,  and  decreases  with 
frequency.  The  most  obvious  means  to  achieve  improved 
performance  at  high  frequency  is  to  limit  or  reduce  the  con- 


TABLE  I.  Magnetomechanical  coupling  coefficients  and  energy  conversion 
efficiency  for  various  samples. 


Sample 

k 

(A  kf 

Polycrystalline  Terfenol 

0.232 

Terfenol  4-1%  A1 

0.287 

53% 

Terfenol  4-1%  Si 

0.290 

56% 

Pulvirenti  et  a I. 


ductivity.  In  this  work  we  have  alloyed  1%  A1  or  Si  with 
Terfenol  to  decrease  the  conductivity.  A  concomitant  reduc¬ 
tion  in  permeability  occurs  on  the  addition  of  A1  or  Si  to 
Terfenol.  This  is  due  to  pinning  of  domain  walls  by  the  im¬ 
purity  atoms.  Results  show  that  the  addition  of  1%  A1  or  Si 
increased  the  resistivity  thus  leading  to  an  improvement  of 
field  penetration  at  kHz  frequencies  and  to  a  53%  or  56% 
improvement  in  energy  conversion  efficiency.  However,  the 
addition  of  higher  concentrations  of  A1  or  Si  resulted  in 
specimens  which  were  extremely  brittle  and  this  was  recog¬ 
nized  as  disadvantageous.  An  alternate  method  of  improving 
the  performance  would  be  through  the  fabrication  of  layered 
specimens  consisting  of  alternate  layers  of  Terfenol  and  a 
material  of  lower  conductivity  such  as  silicon. 
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The  paper  will  present  an  approach  to  obtaining  (111)  textured  Terfenol-D  films  suitable  for  use  in 
magnetostrictive  devices.  Amorphous  thin  films  of  Terfenol-D  were  rf  magnetron  sputter  deposited 
on  (100)  silicon  single  crystal  substrates.  A  composite  target  was  used  to  obtain  the  Terfenol-D 
films.  Samples  were  subsequently  annealed  in  the  range  of  300  to  600  °C  in  the  presence  of  a  2000 
Oe  magnetic  field  for  times  of  15  min  to  1  h.  X-ray  diffraction  studies  were  performed  using  a 
Siemens  D5000  diffractometer  to  examine  the  changes  in  the  preferred  crystalline  orientation  in 
films  with  changes  in  annealing  time,  annealing  temperature,  and  field  orientation.  The  magnetic 
properties  were  examined  using  a  Micromag  2900  alternating  gradient  magnetometer.  Magnetic 
annealing  at  450  °C  showed  the  best  combination  of  magnetic  properties.  The  films  exhibited 
in-plane  Hc  values  in  the  range  of  near  zero  to  350  Oe  and  Ms  values  in  the  range  of  200  to  550 
emu/cc.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)78208-6] 


INTRODUCTION 

Large  magnetostrictive  strains,  of  the  order  of  0.1%, 
make  (Dy0>3Tb0  7)Fe2  (Terfenol-D)  intermetallic  bulk  alloys 
and  thin  films  very  attractive  for  use  as  magnetostrictive  sen¬ 
sors  and  actuators.1,2  While  these  alloys  have  been  used  in 
bulk  form  in  a  number  of  commercial  and  military  applica¬ 
tions,  their  use  in  microactuation  and  sensing  is  beginning  to 
be  explored.  Amorphous  and  crystalline  films  of  Terfenol 
alloys  have  been  prepared  by  several  investigators2'5  and  the 
influence  of  annealing,  composition  variations,  and  sputter¬ 
ing  conditions  on  the  magnetostrictive  behavior  of  these 
films  have  been  examined.  Amorphous  films  deposited  with¬ 
out  rf  bias  tend  to  show  perpendicular  anisotropy  while  films 
deposited  with  an  rf  bias  have  shown  in-plane  anisotropy.4 
Stresses  in  the  as  deposited  film  also  influence  the  magnetic 
anisotropy  of  the  film  with  tensile  stresses  promoting  in¬ 
plane  easy  magnetization.  Thermal  annealing  of  amorphous 
Terfenol  films  with  no  applied  magnetic  field  has  shown  that 
crystallization  was  achieved  at  450  °C  and  the  magnetic 
properties  and  magnetostrictive  behavior  was  inferior  to 
amorphous  as  deposited  films.4  Magnetic  annealing  treat¬ 
ments  have  been  shown  to  modify  the  magnetostrictive  be¬ 
havior  and  the  magnetic  anisotropy  in  bulk  magnetic  Ter¬ 
fenol  alloys.6"8  The  influence  of  magnetic  annealing  has 
been  shown  to  depend  on  the  stresses  present  in  the  film 
during  annealing.7 

This  paper  examines  the  possibility  of  applying  an  ex¬ 
ternal  magnetic  field  during  annealing  of  amorphous 
Terfenol-D  films  to  promote  the  nucleation  of  grains  with 
[111]  crystallographic  axis  in  the  film  plane  and  in  the  direc¬ 
tion  of  the  applied  field.  The  intent  of  this  work  is  to  examine 
the  magnetic  properties  and  the  change  in  crystallographic 
orientation  of  magnetically  annealed  thin  films  as  function  of 
annealing  time  and  temperature. 

EXPERIMENTAL  PROCEDURE 

A  film  of  Terfenol-D  was  deposited  by  rf  magnetron 
sputtering  from  a  mosaic  target.  The  sputtering  power  was 
150  W  and  the  atmosphere  was  ultrahigh  purity  argon  at  a 
pressure  of  5  mTorr.  The  target  itself  consists  of  a  2  in. 
diameter  disk  100  fx m  thick  of  pure  iron  with  pie  shaped 


spokes  of  pure  terbium  and  dysprosium  spot  welded  to  the 
surface.  The  nominal  composition  of  a  film  produced  from 
this  target  is  Tb0  30Dy0  70Fe2  00.  The  substrates  used  in  these 
experiments  were  a  2  in.  diam  (100)  silicon  wafer  and  a  10 
jxm  thick,  2  in.  diameter  (100)  silicon  membrane.  This  film 
was  found  to  contain  more  iron  than  expected  so  another  film 
was  produced  which  contains  less  iron.  The  first  film  men¬ 
tioned  above  will  be  referred  to  as  the  iron  rich  film  and  the 
second  will  be  referred  to  as  the  iron  deficient  film. 

Electron  probe  microanalysis  was  used  to  determine  the 
composition  of  the  deposited  films. 

The  substrates  were  subsequently  fractured  into  strips 
parallel  to  the  primary  flat.  Small  samples  were  taken  and 
given  magnetic  annealing  treatments  in  a  high  vacuum  flash 
furnace.  Annealing  temperatures  were  300  °C,  450  °C,  and 
600  °C.  Annealing  times  were  15,  30,  and  60  min.  Table  I 
shows  the  conditions  for  all  of  the  annealing  treatments. 

Magnetic  properties  were  measured  parallel  and  perpen¬ 
dicular  to  the  film  plane  of  all  samples  using  a  vibrating 
sample  magnetometer. 

X-ray  diffraction  experiments  were  carried  out  on  an¬ 
nealed  samples  and  on  the  as  deposited  films, 

RESULTS  AND  DISCUSSION 

Total  thickness  of  the  iron  rich  film  was  around  2  (im  as 
measured  by  an  oscillating  quartz  crystal  thickness  monitor. 


TABLE  I.  Summary  of  annealing  treatments. 


Sample 

Annealing  temp. 

Annealing  time 

Field 

Iron  deficient 

450  °C 

30  min 

no  field 

Iron  deficient 

450  °C 

30  min 

in-plane 

Iron  rich 

300  °C 

15  min 

in-plane 

Iron  rich 

300  °C 

30  min 

in-plane 

Iron  rich 

300  °C 

60  min 

in-plane 

Iron  rich 

450  °C 

30  min 

no  field 

Iron  rich 

450  °C 

15  min 

in-plane 

Iron  rich 

450  °C 

30  min 

in-plane 

Iron  rich 

450  °C 

60  min 

in-plane 

Iron  rich 

600  °C 

15  min 

in-plane 

Iron  rich 

600  °C 

30  min 

in-plane 

Iron  rich 

600  °C 

60  min 

in-plane 

< 
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(a) 


(b) 


FIG.  1.  Comparison  of  magnetic  properties  in  the  as  deposited,  annealed 
(450  °C,  30  min)  and  magnetically  annealed  (450  °C,  30  min)  states  of  the 
iron  deficient  (a)  and  iron  rich  (b)  films. 


Sputtering  was  stopped  when  visual  inspection  of  the  sub¬ 
strate  revealed  that  it  had  bulged  up  in  the  center.  Examina¬ 
tion  of  the  target  after  sputtering  showed  that  the  rare  earth 
portions  of  the  target  had  worn  completely  through  in  some 
areas.  The  average  surface  stoichiometry  of  the  film  as  de¬ 
termined  by  electron  probe  microanalysis  is 
Tb0  30Dy0 .70Fe2.90-  The  excess  iron  content  is  due  to  the  in¬ 
creased  surface  area  of  pure  iron  exposed  on  the  target  after 
the  rare  earth  patches  had  worn  through.  After  the  original 
film  was  found  to  be  off  composition,  a  new  film  was  depos¬ 
ited  from  a  new  target  on  a  thick  silicon  wafer  as  well  as  the 
10  yum  silicon  substrate.  This  new  target  was  found  to  be 
intact  after  sputtering.  Compositional  analysis  of  the  new 
film  showed  it  to  be  Tb0.34Dy066Fe1>64.  Experiments  at 
450  °C  were  repeated  on  this  film. 

The  curvature  of  both  films  in  the  as  deposited  state  was 
toward  the  substrate,  indicating  compressive  stresses  in  the 
films.  Samples  magnetically  annealed  at  300  °C  retained  this 
curvature  while  samples  magnetically  annealed  at  450  °C 
and  600  °C  changed  their  curvatures  to  indicate  tensile 
stresses  in  the  film.  The  sample  annealed  at  450  °C  with  no 
applied  field  also  changed  curvature.  This  result  is  indepen¬ 
dent  of  annealing  time.  The  sample  annealed  at  600  °C  for  60 
min  developed  a  rust  colored  oxide  on  the  surface  making 
the  data  obtained  from  this  sample  suspect. 

Magnetic  properties  are  affected  profoundly  by  the  pres¬ 
ence  of  a  magnetic  field  during  annealing.  Figure  1  shows  a 
comparison  of  magnetic  properties  measured  parallel  to  the 
film  plane  for  as  deposited,  annealed,  and  magnetically  an¬ 
nealed  samples  of  both  films.  For  the  iron  rich  film,  a  clear 
trend  is  visible  in  the  magnetic  properties  as  a  result  of  an¬ 
nealing  treatment.  The  desirable  properties  of  low  coercivity 
(. Hc ),  low  MrlMs ,  and  high  saturation  magnetization  (M5) 
are  best  achieved  by  the  magnetically  annealed  sample. 


2 


Annealing  Temperature  (C) 


Annealing  Temperature  (C) 


a — a  15  min 
• — •  30  min 
■ — m  60  min 


300 


0  f= =  ■  1  -  --=* 

300  400  500  600 

Annealing  Temperature  (C) 


FIG.  2.  Temperature  dependence  of  Ms( a),  and  Hc  measured  parallel  (b), 
and  perpendicular  (c)  to  magnetically  annealed  samples  of  the  iron  rich  film. 


Since  strain  in  Terfenol-D  alloys  is  more  closely  related  to 
the  magnetization  than  the  applied  field,  the  ratio  MrIMs 
gives  a  good  indication  of  the  hysteresis  that  is  expected  in 
the  magnetostriction.  A  lower  value  is  desirable  because  that 
would  indicate  less  hysteresis.  The  iron  deficient  film  shows 
optimum  properties  in  the  no  field  annealed  state. 

Samples  of  the  iron  rich  film  tend  to  display  maximum 
Ms  when  magnetically  annealed  at  450  °C.  Samples  mag¬ 
netically  annealed  at  600  °C  tend  to  have  the  largest  Hc .  The 
only  exception  to  this  is  the  60  min  sample  magnetically 
annealed  at  600  °C.  This  sample  developed  a  rust  colored 
oxide  on  the  surface  which  possibly  affects  the  coercivity. 
The  coercivity  measured  parallel  and  perpendicular  to  the 
film  plane  tend  to  follow  similar  trends.  Figure  2  shows  these 


H  (Oe) 


FIG.  3.  Hysteresis  loops  of  the  iron  deficient  film  measured  in-plane  for  the 
as  deposited  (a),  annealed  (450  °C,  30  min)  (b),  magnetically  annealed 
(450  °C,  30  min)  (c)  samples,  and  perpendicular  to  the  film  plane  for  the  as 
deposited  (d),  annealed  (450  °C,  30  min)  (e),  and  magnetically  annealed 
(450  °C,  30  min)  (f)  samples.  The  data  shown  is  not  normalized  by  sample 
volume. 
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FIG.  4.  X-ray  spectrum  of  iron  deficient  film  annealed  at  450  °C  for  30  min 
with  no  magnetic  field  (a)  and  with  a  magnetic  field  (b)  present  during 
annealing. 

trends. 

Figure  3  shows  hysteresis  loops  of  the  iron  deficient  film 
measured  in-plane  and  perpendicular  to  the  film.  Included  in 
the  figure  are  loops  from  the  as  deposited,  annealed  (450  °C, 
30  min),  and  magnetically  annealed  (450  °C,  30  min) 
samples.  As  expected,  saturation  is  achieved  at  lower  fields 
when  measured  in-plane. 

The  properties  of  the  iron  deficient  film  were  measured 
in  two  in  plane  directions  to  look  for  anisotropy  resulting 
from  the  magnetic  field  during  annealing.  The  properties 
measured  parallel  and  perpendicular  to  the  annealing  field 
were  found  to  be  identical.  This  indicates  that  there  is  no  in 
plane  anisotropy  of  the  magnetic  properties. 

X-ray  diffraction  showed  the  as  deposited  iron  deficient 
film  to  be  amorphous.  The  as  deposited  iron  rich  film  spec¬ 
trum  has  one  small  peak  indicating  the  presence  of  some 
crystalline  material.  All  samples  of  the  iron  deficient  film 
showed  strong  peaks  after  annealing  that  could  correspond  to 
Fe2(Tb,Dy).  There  were  additional  peaks  in  the  magnetically 
annealed  sample  spectrum  to  those  in  the  no  field  annealed 
spectrum.  Other  than  the  magnetic  field  present  during  an¬ 


nealing,  these  samples  were  processed  identically.  This  indi¬ 
cates  that  the  magnetic  field  causes  some  change  in  the  crys¬ 
talline  nature  of  the  film  during  annealing.  Further 
investigation  is  necessary  to  determine  the  identity  of  all 
phases  present.  Possibilities  include  Fe2(Tb,Dy),  rare  earth 
oxide,  iron  oxide,  and  pure  dysprosium.  All  of  these  phases 
have  peak  positions  in  common  with  those  found  in  the  ex¬ 
perimental  diffraction  patterns  of  the  iron  deficient  film  an¬ 
nealed  at  450  °C  for  30  min.  Figure  4  shows  the  diffraction 
patterns  of  the  iron  deficient  film  annealed  with  and  without 
a  magnetic  field  at  450  °C  for  30  min.  Note  the  extra  peaks 
in  the  spectrum  of  the  magnetically  annealed  sample. 

CONCLUSIONS 

No  preferred  in-plane  texture  was  observed  as  a  result  of 
the  magnetic  field  during  annealing.  One  possible  explana¬ 
tion  for  this  is  the  effect  of  the  stresses  found  to  be  present  in 
the  film.  Even  though  no  strong  evidence  for  texture  was 
found,  the  presence  of  a  magnetic  field  during  annealing  of 
Fe-Tb-Dy  thin  films  does  affect  the  crystal  structure  and 
magnetic  properties.  In  the  iron  rich  film,  the  magnetic  field 
causes  lower  Hc  and  higher  Ms  values  than  annealing  in  the 
absence  of  a  field.  For  the  iron  deficient  film,  the  magnetic 
field  causes  higher  Hc  and  lower  Ms  values. 
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Stress  dependence  of  magnetostrictions  and  strains  in  <111}-oriented 
single  crystals  of  Terfenol-D 

Xuegen  Zhao,  Guangheng  Wu,  Jinghua  Wang,  Kechang  Jia,  and  Wenshan  Zhan 

State  Key  Laboratory  for  Magnetism,  Institute  of  Physics,  CAS,  P.O.  Box  603,  Beijing  100080,  People’s 
Republic  of  China 

Single  crystals  of  Tb0.27Dy0.73Fe2  were  prepared  successfully  by  the  Czochralski  (CZ)  method  using 
a  magnetic  levitation  cold  crucible  first  in  this  laboratory.  The  Laue  x-ray  technique  and 
metallography  verified  its  twin-free  single  crystalline  perfection.  Weidmanstatten  precipitation 
(WSP)  slightly  exists  in  these  specimens  with  WSP  platelets  parallel  to  the  {111}  planes  of 
Terfenol-D.  Saturation  magnetostriction  were  measured  along  three  principal  crystallographic  axes 
[111],  [11  2]  and  [llO]  of  single  crystal  Tb0 27Dy0 73Fe2  with  magnetic  field  parallel  and  then 
perpendicular  to  the  measuring  direction,  which  gives  an  intrinsic  magnetostriction 
\in  =  1640X 10-6  for  (111)  easy  axis.  Stress  dependence_of  magnetostrictions  and  strains  measured 
along  three  mutually  perpendicular  axes,  [111],  [112],  and,  [1  10]  on  (lll)-oriented  single 
crystalline  rods  of  Terfenol-D  indicates  that  apparent  magnetostriction  for  (111)  direction  increases 
with  increasing  applied  compressive  stress  along  the  rod  axis,  and  reaches  2375  X 10  6  under  a  stress 
of  24  MPa  and  a  magnetic  field  of  20  kOe.  Maximum  d33  decreases  with  the  increment  of  applied 
stresses  and  the  amount  of  WSP,  and  ranges  from  1 X  10”6/Oe  to  6X  10“6/Oe  at  about  500  Oe.  Less 
hysteresis  appears.  Magnetizing  processes  are  calculated  and  compared  with  the  measured  changes 
of  magnetostriction.  The  authors  conclude  that  (lll)-oriented  single  crystal  of  Terfenol-D  is  suitable 
for  precise  displacement  actuators  although  it  would  be  much  better  to  eliminate  the  WSP 
precipitation.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)78308-2] 


INTRODUCTION 

(lll)-oriented  single  crystals  of  intermetallic  compounds 
TbJCDy1_xFe2  with  x=0.27  to  0.3,  known  as  Terfenol-D, 
have  been  dreamed  for  more  than  ten  years  since  Clark  and 
co-workers1  established  that  Terfenol-D  exhibits  very  large 
anisotropic  magnetostriction,  X.m>Xioo»  and  rat^er  l°w  ma§_ 
netocrystalline  anisotropy.  It  is  expected  that  single  crystal 
rods  with  a  (111)  axial  orientation  and  a  low  defect  density 
posses  optimum  magneto strictive  properties  and  find  broad 
applications  in  vibration  emitters  such  as  sonar  transducers. 
Unfortunately,  it  was  only  possible  to  grow  crystals  along 
(112)  direction  and  usually  occupied  by  lamellar  twins  with 
the  plated  face  parallel  to  the  (111)  plane.  Much  work2  has 
been  done  on  such  twinned  single  crystals  and  it  has  been 
found3,4  such  crystals  exhibit  excellent  magnetostrictive 
properties  under  compressive  stress  but  twin  interfaces,  rare 
earth  inclusion  and  Weidmanstatten  precipitates  (WSP)  and 
defects  inhibit  magnetic  domain  movements  by  pinning 
mechanisms.  Recently,  twin-free  (lll)-oriented  single  crys¬ 
tals  of  Terfenol-D  have  been  grown5  successfully  in  this 
laboratory  with  a  cold  crucible.  The  stress  dependence  of 
magnetostrictions  and  elastic  strains  of  single  crystals  has 
been  investigated. 

EXPERIMENTAL  METHODS 

Single  crystals  of  Tb0  27Dy0.73Fe2  were  grown  by  using 
the  Czochroaski  method  with  an  induction  heating  magnetic 
levitation  cold  crucible.  Starting  materials  of  composition 
Tbo^Dyo^Fe-y ,  with  y  — 1.60-1.80,  were  prepared  from 
metals  of  the  purity  of  99.95%.  The  metals  were  alloyed  by 
means  of  a  rf  induction  heating  cold  crucible  growth  system 
for  about  1  h  before  growth.  (Ill)  oriented  single  crystal 


bars  with  dimensions  of  about  2X2X10  mm3  were  used  as 
seeds.  X-ray  diffraction,  Laue  back-reflection  and  metallo- 
graphical  examinations  were  employed  to  determine  if  the 
samples  were  single  crystals  and  determine  the  crystallo¬ 
graphic  directions.  Crystal  rods  as  grown  with  diameters  of 
6-12  mm  and  maximum  length  of  about_80  mm  were  cut 
into  bars  of  5X5X15  mm3  with  [111],  [11  2]  and  [1  10]  crys¬ 
tal  axes  perpendicular  to  their  surfaces  respectively.  Com¬ 
pressive  stresses  up  to  24  MPa  were  applied  along  the  (111) 
axial  direction  by  a  screw-driven  aluminum  device  fixed  be¬ 
tween  the  poles  of  an  electromagnet.  The  electromagnet  with 
a  fixed  pole  gap  of  5  cm  can  produce  a  magnetic  field  up  to 
20  kOe.  Magnetostrictions  and  strains  were  measured  by 
strain  gauge  method. 

RESULTS  AND  DISCUSSION 

X-ray  diffraction  showed  the  characteristic  diffraction 
peaks  of  (111),  (222),  (333)  solely  on  the  transverse  sections 
of  the  specimens.  Laue  back-reflection  photography  con¬ 
firmed  them  to  be  single  crystalline  with  the  growth  direction 
along  (111)  axis.  No  other  phases  can  be  distinguished.  How¬ 
ever  metallographical  microscopy  shows  the  existence  of 
slight  Weidmanstatten  precipitates  parallel  to  {111}  planes. 
WSP  can  be  used  as  the  macro-scale  trace  of  twin  interfaces 
because  it  always  appears  parallel  to  {111}.  However  WSP 
traces  show  no  existence  of  twins  in  these  samples.  Zones 
that  are  not  rare  earth  rich  and  without  WSP  can  be  found 
along  the  rod  sometimes.  It  suggests  critical  conditions  be 
necessary  for  growing  WSP-and-inclusion-free  single  crys¬ 
tals  of  Terfenol-D. 

Magnetostrictions  were  measured  at  room  temperature 
along  three  perpendicular  crystallographic  axes,  [111],  [11  2] 
and  [1  TO]. 
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FIG.  1.  Magnetostrictionvs  the  relative  angles  between  the  [111]  measuring 
direction  and  applied  (1  10)  magnetic  field. 


The  saturation  magnetostrictions  measured  with  applied 
magnetic  field  of  20  kOe  rotating  in  (11  2)  and  (1  10)  planes 
were  used  to  calculate  the  intrinsic  magnetostriction  \in  by 
means  of  the  well-known  equation 

\  =  ( 3/2)  X  100(  a  i  I  +  a\fi\  +  a\  )  +  3  X  n  i 

X  (tt1<22/31/32  +  «2a3^2^3"*"  a3a\P30l)-  (1) 

In  which  and  /3f  are  the  direction  cosines  of  magnetization 
and  measuring  direction  relative  to  principal  (100)  crystallo¬ 
graphic  axes.  This  method  eliminates  the  influence  of  pre¬ 
alignments  of  magnetic  domains  caused  by  residual  stress  or 
magnetizing  history.  One  of  the  experimental  results  is 
shown  in  Fig.  1.  An  intrinsic  magnetostriction 
\1U  =  1640X10-6  for  (111)  easy  axis  has  been  obtained, 
which  is  consistent  with  the  previous  result.1 

The  magnetostrictions  measured  with  the  magnetic  field 
and  compressive  stress  applied  in  the  axial  direction  of  [111] 
are  shown  in  Fig.  2.  The  magnetostriction  in  the  axial  direc¬ 
tion  at  3  kOe  increases  with  increasing  applied  compressive 
stress  until  it  reaches  a  maximum  of  2200X10-6  under  12 
MPa,  then  decreases  slightly.  The  relative  change  d33  of 
magnetostriction  with  magnetic  field  almost  be  unchanged 
until  6  MPa,  then  it  becomes  smaller  with  increasing  applied 
compressive  stress.  d33  can  range  from  lX10“6/Oe  to 
6X10~6/Oe  at  about  500  Oe  when  the  sample  is  located  in  a 
magnetically  close  circuit.  Less  hysteresis  appears.  However 
the  saturation  field  shifts  higher  when  compressive  stress  in¬ 
creases,  which  is  true  for  the  stress  dependence  of  magneto¬ 
strictions  along  the  [11  2]  and  [1  10]  directions. 

It  should  be  noticed  that  the  magnetostrictive  behavior 
under  18  MPa  is  very  different  from  others.  Another  magne¬ 
tization  process  can  be  seen  clearly  in  the  region  of  2.0-2.5 
kOe.  The  [111]  magnetostriction  changes  with  a  unique  slope 
and  the  [11  2]  one  begins  to  decrease  with  increasing  mag¬ 
netic  field.  This  phenomenon  also  appears  in  the  sample  with 
much  fewer  defects  even  under  a  rather  low  stress  of  3  MPa, 
as  illustrated  in  Fig.  3. 

The  elastic  strains  e  of  specimens  under  different  stress 
and  0,  20  kOe  magnetic  field  were  measured  and  shown  in 


FIG.  2.  Magnetostriction  curves  vs  applied  magnetic  field  under  different 
compressive  stresses,  measured  in  the  direction  of  (a)  [111],  (b)  [11  2],  and 


(c)  [1  10]. 


Fig.  4.  The  strains  measured  in  a  magnetic  field  of  20  kOe 
which  is  large  enough  to  saturate  the  specimens,  are  much 
smaller  than  that  at  0  kOe  due  to  the  large  magnetostriction. 
The  change  rate  of  these  two  strains  relative  to  applied 
stresses  decreases  with  increasing  stresses. 

The  maximum  magnetostrictive  strain  measured  along 
[111]  direction  was  also  shown  in  Fig.  4.  It  increases  faster 
under  the  lower  stresses  of  0-9  MPa.  It  is  regarded  that  the 


FIG.  3.  Magnetostriction  curves  vs  applied  magnetic  field  under  different 
compressive  stresses,  measured  in  the  direction  of  [111]. 
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FIG.  4.  Magnetostriction  X  and  elastic  strains  e  vs  applied  compressive 
stress,  measured  in  the  direction  of  [111]. 


magnetic  domains  rotate  their  directions  from  the  axial  [111] 
toward  other  (111)  easy  axes  under  certain  stress,  which  in¬ 
creases  the  volume  of  non- 180°  magnetic  domain  move¬ 
ments  that  contribute  to  magnetostrictive  strain.  This  rotation 
process  seems  easy  because  it  proceeds  between  easy  direc¬ 
tions.  Using  Eq.  (1)  and  the  magnetostrictions  measured  in 
three  directions  mentioned  above,  we  have  calculated  the 
possible  arrangement  of  magnetic  domains.  We  found  that 
when  the  (111)  magnetostriction  reaches  about  2200X10  6 
in  which  the  magnetic  domains  could  be  assumed  to  arrange 
completely  along  the  (111)  axes  other  than  the  [111]  axis  at 
the  beginning,  the  distributions  of  magnetic  domains  in  other 
(111)  axes  are  not  equal.  It  might  results  from  the  deviation 
of  the  applied  stress  from  the  axial  (111)  direction.  Under 
higher  stress,  the  magnetic  domains  rotate  from  the  (111) 
easy  directions  toward  (112)  directions  which  are  perpen¬ 
dicular  to  the  axial  [111]  direction.  The  larger  stress  is 
needed  to  overcome  the  higher  magnetocrystalline  anisot¬ 
ropy  in  the  (112)  directions.  Inclusions  and  defects  hinder  all 
of  these  rotations. 

We  can  expect  that  the  maximum  magnetostrictive  strain 
of  2460 X10”6  calculated  from  the  measured  (111)  magneto¬ 
striction  should  be  attained  when  all  magnetic  moments  be 
forced  perpendicular  to  the  axial  (111)  direction  at  the  begin¬ 
ning.  But  it  is  not  the  case  even  when  the  applied  stress 
reaches  24  MPa,  a  stress  enough  to  overcome  the  magneto¬ 
crystalline  anisotropy  energy  in  (112)  directions.  We  can 
only  obtain  a  maximum  magnetostriction  of  2375X10  6. 
The  mechanical  interactions  of  inclusions  and  defects  with 
magnetic  domains  or  of  magnetic  domains  with  each  other 
may  be  the  reason.  It  is  known  that  a  magnetic  heat  treatment 


will  improve  dramatically  the  magnetostrictive  properties  of 
twinned  single  crystals  with  an  axial  (112)  direction  and 
cause  a  large  magnetostrictive  jump  at  low  magnetic  field. 
The  treatment  makes  magnetic  domains  arrange  along  the 
same  direction  just  like  a  single  domain  and  makes  the  in¬ 
herent  rotation  of  magnetic  domains  possible.  It  also  dimin¬ 
ishes  the  mechanical  interactions  in  the  sample  and  reduces 
the  compressive  prestress  necessary  to  obtain  maximum 
strain.  It  would  be  better  if  (lll)-oriented  single  crystal  be 
annealed  in  a  magnetic  field  large  enough  to  make  all  mag¬ 
netic  domains  arranged  parallel  one  (112)  axis  and  perpen¬ 
dicular  to  (111)  axial  direction,  or  just  only  parallel  to  one 
(111)  axis  that  is  far  from  the  axial  (111).  Certainly,  growth 
condition  should  be  delicately  controlled  in  order  to  prevent 
the  formation  of  rare  earth  inclusion  or  WSP. 

CONCLUSION 

Twin  free  (111)  oriented  single  crystals  of  Terfenol-D, 
Tb027Dy0i73Fe2,  have  been  grown  by  means  of  CZ  method 
with  an  induction  heating  magnetic  levitation  cold  crucible. 
The  magnetostriction  measurements  along  [111],  [11  2]  and 
[1  10]  directions  with  applied  magnetic  field  of  20  kOe  ro¬ 
tating  in  (11  2)  and  (1  To)  planes  have  confirmed  the  intrinsic 
(111)  magnetostriction  kul  =  1640X  10-6,  and  km^kioo- 
With  stress  and  magnetic  field  applied  in  the  axial  (111)  di¬ 
rection,  the  saturation  magnetostriction  in  this  direction  and 
at  the  field  of  20  kOe  increases  with  increasing  applied 
stress,  so  does  the  saturation  magnetic  field.  However  maxi¬ 
mum  d33  does  not  change  until  6  MPa  but  decreases  with 
further  increase  of  the  applied  stresses,  and  ranges  from 
lX10~6/Oe  to  6XlCT6/Oe.  Two  magnetizing  stages  can  be 
observed  in  these  samples  under  certain  stresses,  which  dem¬ 
onstrates  two  different  inherent  magnetic  domain  move¬ 
ments.  The  maximum  magnetostriction  available  in  (111)  di¬ 
rection  is  2375  X10-6,  not  the  calculated  value  of 
2460X10-6.  The  interaction  of  defects  and  magnetic  do¬ 
mains  should  be  taken  into  account.  No  hysteresis  can  be 
seen  apparently.  The  authors  think  that  these  materials  are 
suitable  for  vibrating  emitters  and  displacement  actuators 
where  the  stress  can  change  not  too  much.  Defect-free  single 
crystals  would  show  better  magnetostrictive  properties. 

lA.  E.  Clark,  J.  E.  Cullen,  O.  D.  McMasters,  and  E.  B.  Callen,  Am.  Inst. 
Phys.  Conf.  Prof.,  29,  192  (1976). 

2D.  C.  Jiles,  J.  Phys.  D  27,  1  (1994). 

3  A.  E.  Clark,  J.  D.  Ostenson,  and  E.  D.  Gibson,  IEEE  Trans.  Magn.  22,  973 
(1986). 

4J.  D.  Verhoeven,  J.  E.  Ostenson,  E.  D.  Gibson,  and  O.  D.  McMasters,  J. 
Appl.  Phys.  73,  6168  (1993). 

5G.  Wu,  X.  Zhao,  J.  Wang,  K.  Jia,  and  W.  Zhan,  Appl.  Phys.  Lett.,  to  be 
published. 
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Effects  of  surface  topology  and  texture  on  exchange  anisotropy 
in  NiFe/Cu/NiFe/FeMn  spin  valves 
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Division  of  Metals,  Korea  Institute  of  Science  and  Technology ,  P.O.  Box  131,  Cheongryang, 
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We  have  investigated  the  effects  of  texture  and  interfacial  roughness  on  the  exchange  anisotropy  in 
NiFe/Cu/NiFe/FeMn  spin  valves  with  different  buffer  layers  (no  buffer,  Cu,  or  FeMn)  on  Si(100)  or 
Si(lll)  substrates  by  magnetron  sputtering.  The  crystalline  structure,  surface  topology,  and 
exchange  anisotropy  field  (HQX)  were  characterized.  The  exchange  anisotropy  was  established  all  in 
(111),  (200),  and  (220)  textured  samples  and  there  was  no  systematic  relationship  between  the  type 
of  texture  and  Hex .  However,  it  was  found  that  Hex  increased  as  the  surface  roughness  decreased. 
The  results  lead  us  to  believe  that  interfacial  roughness  rather  than  crystallographic  texture  controls 
the  development  of  the  exchange  anisotropy.  ©  1996  American  Institute  of  Physics.  [S0021- 
8979(96)55308-0] 


I.  INTRODUCTION 

Giant  magnetoresistance  of  exchange-biased  spin  valve 
multilayers  of  the  NiFe/Cu/NiFe/FeMn  type  has  received 
much  attention.  The  magnetotransport  behavior  is  dependent 
on  unidirectional  exchange  anisotropy  at  the  interface  be¬ 
tween  the  ferromagnetic  layer  and  the  antiferromagnetic 
layer.  There  has  been  great  interest  in  the  factors  that  influ¬ 
ence  the  exchange  anisotropy.1,2 

Many  reports  state  that  crystalline  orientation  conditions 
are  important  for  the  establishment  of  the  exchange  anisot¬ 
ropy.  It  has  been  reported,1  for  example,  that  the  exchange 
anisotropy  field  is  large  when  the  (111)  diffracted  intensity  of 
spin  valve  sandwich  is  high.  Jungblut  et  al 2  reported  that  the 
exchange  anisotropy  field  in  NiFe/FeMn  couple  strongly  de¬ 
pends  on  the  crystal  orientation.  Jungblut  et  al  also  tried  to 
account  for  the  orientational  dependence  of  exchange  anisot¬ 
ropy  field  by  crystallographic  condition,  i.e.,  the  compen¬ 
sated  or  uncompensated  nature  of  ideal  NiFe/FeMn  interface, 
but  no  obvious  relation  between  experimental  result  and 
theoretical  expectation  was  observed. 

The  shortcoming  of  the  interfacial  crystallographic  con¬ 
dition  for  exchange  anisotropy  is  that  it  ignores  topological 
roughness  of  the  ferromagnetic/antiferromagnetic  interface. 
Real  interfaces  have  some  roughness  and  the  exchange  inter¬ 
action  at  the  interface  is  likely  to  be  far  more  complicated 
than  in  the  ideal  planar  case.  So  far  there  has  been  little  study 
on  the  effects  of  the  interfacial  topology  on  the  exchange 
anisotropy. 

The  purpose  of  this  study  is  to  examine  the  effects  of 
preferred  orientation  and  interfacial  topology  on  the  ex¬ 
change  anisotropy  of  spin  valves. 

II.  EXPERIMENT 

Exchange-biased  spin  valve  samples  consisting  of  Si/ 
buffer  layer  50  A/NiFe  80  A/Cu  28  A/NiFe  40  A/FeMn  150 


A/Cu  50  A  were  fabricated  by  three-gun  magnetron  sputter¬ 
ing  with  5X10-3  Torr  argon  pressure  during  deposition.  Fer¬ 
romagnetic  NiFe  layers  were  deposited  by  rf  magnetron 
sputtering  and  the  other  layers  (Cu  and  FeMn)  were  depos¬ 
ited  by  dc  magnetron  sputtering.  The  base  pressure  was  be¬ 
low  5X 10'7  Torr.  Films  of  1 X 1  cm2  were  deposited  at  room 
temperature  in  a  uniform  magnetic  field  of  300  Oe  which 
determines  the  direction  of  exchange  anisotropy. 

For  texture  control,  FeMn  and  Cu  buffer  layers  were 
used  with  Si(100)  or  Si(lll)  substrates,  which  were  pre¬ 
cleaned  with  dilute  HF.  For  Si(lll)  substrates,  the  Si[l  1 1] 
axis  was  off  orientation  by  4°  from  the  surface  normal  to¬ 
ward  a  Si[l  10]  axis.  Samples  without  a  buffer  layer  were 
also  fabricated. 


FIG.  1.  Typical  hysteresis  loop  of  exchange-biased  spin  valve.  The  ex¬ 
change  anisotropy  field  //ex  is  defined  as  the  horizontal  shift  of  the  center  of 
the  hysteresis  loop  of  the  exchange-biased  ferromagnetic  layer. 
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FIG.  2.  X-ray  diffraction  patterns  of  Si(lll  or  100)/NiFe  80  A/Cu  28 
A/NiFe  40  A/FeMn  150  A/Cu  50  A  and  Si/(Cu  or  FeMn  50  A)/NiFe  80 
A/Cu  28  A/NiFe  40  A/FeMn  150  A/Cu  50  A. 

Crystallographic  texture  of  the  samples  was  assessed  by 
x-ray  diffraction.  Transmission  electron  microscopy  (TEM) 
analysis  was  also  performed  on  selected  samples.  The  ex¬ 
change  anisotropy  fields  were  characterized  by  a  vibrating 
sample  magnetometer  (VSM).  Hex  corresponds  to  the  hori¬ 
zontal  shift  of  the  center  of  the  hysteresis  loop  from  the 
center  of  whole  plot  due  to  the  exchange  anisotropy  of  the 
NiFe/FeMn  couple.  Figure  1  shows  how  HQX  is  determined 
from  an  M-H curve. 

In  order  to  characterize  the  interfacial  topology,  surface 
topology  analyses  were  performed  by  using  PSI AP-200  Au- 
toProbe  LS  atomic  force  microscope  (AFM).  Because  multi¬ 
layers  often  grow  coherently  up  to  considerable  thickness 
when  deposited  by  sputtering,  it  is  reasonable  to  think  that 
the  surface  topology  is  related  to  the  interface  topology,  if 
the  interface  is  not  too  far  from  the  top  surface.  In  our  case, 
they  are  separated  by  200  A. 

III.  RESULTS  AND  DISCUSSION 

X-ray  diffraction  patterns  of  six  spin  valve  samples  with 
different  buffer  layers  grown  on  Si(100)  or  Si(lll)  substrates 
are  shown  in  Fig.  2.  For  samples  with  an  FeMn  buffer  layer 
on  Si(100)  or  Si(lll)  substrate,  a  (111)  peak  is  observed.  The 
sample  without  a  buffer  layer  on  Si(100)  shows  a  (111)  peak. 
No  sign  of  peak  is  seen  in  the  unbuffered  sample  grown  on 
Si(lll).  A  (200)  peak  with  a  weak  trace  of  (111)  peak  is 
detected  in  a  sample  with  a  Cu  buffer  layer  on  Si(100).  The 
predominant  (200)  texturing  is  consistent  with  previous 
reports.3,4  For  the  sample  with  a  Cu  buffer  layer  on  Si(lll), 
no  peak  is  observed.  TEM  analysis,  however,  suggested  a 
pseudoepitaxial  (220)  growth,  similar  to  that  reported5  in 
NiFe/Cu  multilayers  with  a  Cu  buffer  layer  on  misoriented 
Si(lll)  substrates.  No  sign  of  (220)  peak  was  observed  near 
the  expected  position  (26—15°),  which  is  not  shown  in  Fig. 
2.  More  detailed  description  of  the  TEM  analysis  will  be 
published  elsewhere. 

The  exchange  anisotropy  field  tfex  determined  from  an 
M-H  curve  is  shown,  together  with  the  textures  developed, 
in  Table  I.  The  samples  with  an  FeMn  buffer  layer  have 
larger  HQX  values  by  about  a  factor  of  2  than  those  without  a 


TABLE  I.  Textures  and  exchange  anisotropy  field  (Htx)  values  of  the 
samples  shown  in  Fig.  2. 


Substrate  and 
buffer  layer 

Texture 

(Oe) 

Si(100)/nonbuffer 

an) 

80 

Si(lll)/nonbuffer 

untextured 

80 

Si(100)/FeMn 

an) 

180 

Si(lll)/FeMn 

an) 

190 

Si(100)/Cu 

(200)+ weaker  (111) 

130 

Si(lll)/Cu 

(220)a 

140 

a(220)  texture  is  identified  from  TEM  diffraction  pattern  analysis,  not  from 
XRD  spectrum. 


buffer  layer.  The  samples  with  a  Cu  buffer  layer  have  inter¬ 
mediate  Hcx  values.  It  seems  from  Table  I  that  Hcx  does  not 
depend  on  the  substrate,  whether  it  be  Si(100)  or  Si(lll). 

A  prominent  feature  of  the  results  is  that  a  considerable 
exchange  anisotropy  field  of  about  130  Oe  is  established  for 
the  samples  that  have  the  preferred  orientations  (200)  and 
(220).  Also  noticeable  is  the  fact  that  Hcx  s  of  80  Oe  at  the 
least  are  observed  for  all  samples  including  the  untextured 
one.  Nakatani  et  al 1  have  reported  that  the  FeMn  layer  be¬ 
comes  antiferromagnetic  and  applies  an  exchange  bias  field 
to  the  NiFe  layer  when  a  sample  has  a  high  (111)  diffracted 
intensity.  From  our  study,  however,  it  is  found  that  there  is 


FIG.  3.  AFM  surface  topographs  of  (a)  nonbuffered,  (b)  Cu  buffered,  and 
(c)  FeMn  buffered  NiFe/Cu/NiFe/FeMn/Cu  films  on  Si(lll)  substrates. 
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no  proportional  dependence  of  Htx  on  (111)  diffracted  inten¬ 
sity.  Jungblut  et  al2  have  investigated  a  dependence  of  H&x 
of  molecular-beam-epitaxy-grown  Cu/NiFe/FeMn  samples 
on  the  growth  orientation  and  found  that  there  is  no  obvious 
relation  between  the  Htx  and  the  compensated  or  uncompen¬ 
sated  nature  of  the  NiFe/FeMn  interface.  Our  results  based 
on  texture  are  consistent  with  this  finding  of  Jungblut  et  al 
Both  results  suggest  that  a  specific  texture  is  not  necessarily 
a  critical  factor  for  establishing  an  exchange  anisotropy,  and 
that  preferred  orientation  alone  cannot  explain  this  phenom¬ 
enon  satisfactorily. 

No  current  theoretical  model  can  account  for  the  experi¬ 
mental  results  of  the  largest  exchange  anisotropy  field  with 
(111)  texturing  in  FeMn.  The  discrepancy  between  expecta¬ 
tion  and  experimental  result  can  be  attributed  to  the  assump¬ 
tion  that  NiFe/FeMn  couple  has  an  ideal  interface. 

The  idealized  interface  does  not  exist  in  reality  as  in  the 
case  of  multilayers  deposited  by  sputtering.  In  this  case,  in¬ 
terfacial  roughness  can  have  a  great  influence  on  the  ex¬ 
change  interaction  at  the  interface  by  changing  the  local  spin 
arrangement  and  the  number  of  antiparallel  moments  at  the 
interfacial  plane.  In  the  naive  picture  of  the  uncompensated 
ideal  interface,  for  example,  roughness  will  cause  compensa¬ 
tion  and  thus  reduction  of  Hex .  The  interface  topology,  there¬ 
fore,  must  be  examined  in  addition  to  the  texture. 

Surface  topographs  of  films  grown  on  Si(lll)  substrates 
taken  by  AFM  are  shown  in  Fig.  3.  These  figures  show  peaks 
and  valleys.  Valleys  are  several  hundred  angstroms  apart  on 
the  average.  This  is  roughly  of  the  size  of  the  grains,  sug¬ 
gesting  that  this  surface  topology  may  be  closely  related  to 
the  nucleation  and  growth  of  the  initial  film  layer.  It  can  be 
seen  from  Fig.  3  that  the  surface  becomes  flatter  when  a  Cu 
buffer  layer  is  introduced  and  even  flatter  in  the  case  of  an 
FeMn  buffer  layer.  In  Table  II,  roughness  parameters  (me¬ 
dian  height,  mean  height,  s,  and  i?ave)  are  given,  together 
with  their  definitions.  It  is  obvious  from  this  table  that  rough¬ 
ness  decreases  in  the  sequence  of  nonbuffer,  Cu,  and  FeMn, 
and  HQX  increases  in  this  sequence.  Therefore,  a  systematic 
relationship  is  found  between  the  surface  roughness  and  Hex ; 


TABLE  II.  Surface  roughness  for  AFM  height  profiles  shown  in  Fig.  3, 
estimated  by  the  parameters  defined  as  follows:  z=mean  height 

=  «n-“VS?-1(Z.-i)2/(W-  1).  *ave=2L  I*.  “  *|/W. 

where  N  is  the  number  of  data  points  and  z  is  the  height  of  each  data  point 
within  the  height  profile.  Median  height  is  the  height  value  which  divides 
the  height  histogram  into  two  equal  areas. 


Si(lll)/ 
buffer  layer 

Median 

height 

(A) 

Mean 

height 

(A) 

n 

rms 

(A) 

^ave 

(A) 

(Oe) 

Nonbuffer 

25 

23 

6.9 

5.5 

80 

Cu 

20 

18 

5.6 

4.4 

140 

FeMn 

12 

12 

3.2 

2.4 

190 

namely  samples  with  flatter  surfaces  have  larger  exchange 
anisotropy.  Summarizing  our  results,  it  seems  that  the  ex¬ 
change  anisotropy  is  more  sensitive  to  surface  roughness 
than  to  the  specific  texture  of  the  sputter-deposited  film.  Our 
results  suggest  that  the  dependence  of  exchange  anisotropy 
on  texture  reported  in  previous  works1,2  might  result  from 
changes  in  NiFe/FeMn  interface  topology  rather  than  in  tex¬ 
ture.  More  sophisticated  experiments  are  required  to  examine 
the  connection  of  crystallography  with  the  interfacial  ex¬ 
change  interaction. 

IV.  CONCLUSION 

For  exchange-biased  spin  valves  with  (111),  (200),  or 
(220)  textures,  no  systematic  relation  between  the  texture 
and  exchange  anisotropy  was  observed.  It  was  found  that  the 
exchange  anisotropy  increased  as  the  surface  roughness  de¬ 
creased.  These  results  lead  us  to  emphasize  the  role  of  inter¬ 
facial  roughness  rather  than  texture  in  the  establishment  of 
exchange  anisotropy. 

1 R.  Nakatani,  K.  Hoshino,  S.  Noguchi,  and  Y.  Sugita,  Jpn.  J.  Appl,  Phys. 
33,  133  (1994). 

2R.  Jungblut,  R.  Coehoom,  M.  T.  Johnson,  J.  aan  de  Stegge,  and  A.  Re- 
inders,  J.  Appl.  Phys.  75,  6659  (1994). 

3C.-A.  Chang,  Appl.  Phys.  Lett.  57,  2239  (1990). 

4 1.  Hashim,  B.  Park,  and  H.  A.  Atwater,  Appl.  Phys.  Lett.  63,  2833  (1993). 
5K.-I.  Min,  S.-K.  Joo,  and  K.  H.  Shin  (in  press). 
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High  sensitivity  in  magnetoresistance  of  epitaxial  NiFe/Cu/Co 
(/Cu)  (100)  superlattices 

Y.  Kawawake,  H.  Sakakima,  Y.  Irie,  and  M.  Satomi 

Central  Research  Labs.,  Matsushita  Electric  Industrial  Co.,  Ltd.  3-4,  Hikaridai,  Seika-cho,  Sour aku- gun, 
Kyoto-fu,  619-02,  Japan 

Noncoupled-type  [NiFe/Cu/Co (/Cu)]  single-crystal-like  superlattices  were  prepared  on  Si/Cu(100) 
substrates  using  ultrahigh  vacuum  evaporation.  Si/Cu  (5  nm)/[Co  (3  nm)/Cu  (6  nm)/NiFe  (3  nm)/Cu 
(6  nm)]X  10  multilayers  showed  6.1%  magnetoresistance  (MR)  change  with  2  kA/m  of  applied  field, 
which  is  much  higher  sensitivity  than  those  of  poly-crystalline  films.  Furthermore,  placing  a  thin  Ag 
layer  (0.2  nm)  at  the  midpoint  of  a  Cu  layer  improved  the  MR  sensitivity  of  the  epitaxial  film. 
Sandwich- type  Si/Cu  (5  nm)/NiFe  (10  nm)/Cu  (2.4  nm)/Ag  (0.2  nm)/Cu  (2.4  nm)/Co  (10  nm) 
superlattice  showed  sharp  switching  characteristics  of  the  MR  curve  between  lower  and  4.3%  higher 
resistivity.  These  epitaxial  films  showed  biaxial  anisotropy  in  the  film  plane  with  easy  axes  of  [011] 
and  [Oil]  directions.  The  higher  MR  sensitivity  in  the  epitaxial_films  may  originate  in  the 
square-shaped  magnetization  curves  along  the  easy  axes  [011]  and  [011]  of  the  Co  layers.  Flatness 
of  interface  was  also  effective  to  improve  the  MR  sensitivity  of  the  films.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)55408-7] 


I.  INTRODUCTION 

Among  a  number  of  systems  showing  a  giant  magnetore¬ 
sistance  (MR)  behavior,  noncoupled-type  [NiFe/Cu/Co/Cu] 
multilayers  have  been  intensively  studied  because  of  their 
low-field  operation.1  In  the  above  system,  antiparallel  align¬ 
ment  of  magnetizations  was  realized  by  using  the  difference 
of  the  coercivities  of  two  ferromagnetic  layers.  Shinjo  and 
Yamamoto  reported  that  glass/[Co  (3  nm)/Cu  (5  nm)/NiFe  (3 
nm)/Cu  (5  nm)]X15  multilayers  showed  a  resistivity  change 
of  7%  in  100  Oe  (=8  kA/m).1  This  sensitivity  is  lower  than 
that  of  FeMn/NiFe/Cu/NiFe  spin-valve  multilayers.2  In  this 
study,  we  have  tried  to  improve  the  sensitivity  of  NiFe/Cu/ 
Co/Cu  multilayers  by  improving  the  soft  magnetic  properties 
of  NiFe  layers  by  reducing  the  couplings  between  ferromag¬ 
netic  layers. 

Epitaxial  NiFe/Cu/Co(/Cu)  superlattices  were  prepared 
on  Si/Cu  (100)  substrates  to  control  the  crystalline  anisot¬ 
ropy  of  NiFe  and  Co  magnetizations.  In  the  epitaxial  [NiFe/ 
Cu]  multilayers3  and  Co/Cu/Co  sandwich  films,4  the  ex¬ 
change  couplings  between  ferromagnetic  layers  with  the 
(100)  orientation  were  smaller  than  those  with  the  (111) 
orientation.3,4  Therefore  (100)  orientation  could  be  thought 
preferable  orientation  to  improve  MR  sensitivity  in  non- 
coupled  type  NiFe/Cu/Co(/Cu)  films  than  (111)  orientation. 


II.  EXPERIMENT 

HF  etched  Si(100)  single-crystal  substrate  was  placed  in 
an  ultrahigh  vacuum  chamber.  A  5-50  nm  thick  Cu  buffer 
layer  was  deposited  on  Si(100)  substrate  at  room  temperature 
(RT)  and  NiFe/Cu/Co(/Cu)  film  was  prepared  on  the  Cu 
buffer  layer  at  RT.  Crystal  growth  was  in  situ  monitored  by 
reflection  high-energy  electron  diffraction  (RHEED).  MR 
was  measured  by  four-point  probe  method  and  magnetization 
was  measured  by  a  vibrating  sample  magnetometer  (VSM). 
Magnetic  field  was  applied  both  in  [011]  and  in  [001]  direc¬ 


tions  in  the  film  plane.  Electric  current  was  along  the  [001] 
direction  of  the  film  in  the  film  plane.  All  measurements 
were  performed  at  RT. 

III.  RESULTS  AND  DISCUSSION 

After  the  deposition  of  50-nm-thick  Cu  buffer  layer  on 
Si(100)  substrate,  a  strain-free  flat  surface  of  Cu(100)  was 
realized.3  Figure  1(a)  shows  RHEED  pattern  after  the  depo¬ 
sition  of  Si/Cu  (5  nm)/[Co  (3  nm)/Cu  (5  nm)/NiFe  (3  nm)/Cu 
(5  nm)]Xl0  multilayers.  Streak  pattern  of  RHEED  was 
maintained  during  the  deposition  of  the  [Co/Cu/NiFe/Cu] 
multilayers.  The  orientational  relationships  of  the  sample  are 
Si(  1 00)//Cu(  1 00)//Co(  1 00)//NiFe(  1 00)  in  the  stacking  direc¬ 
tion  and  Si[0 1 1  ]//Cu[00 1  ]//Co[00  l]//NiFe[00 1  ]  in  the  film 
plane. 

Figure  2  shows  Cu  layer  thickness  t  dependence  of  MR 
curve  of  Si/Cu  (5  nm)/[Co  (3  nm)/Cu  ( t  nm)/NiFe  (3  nm)/Cu 
(i t  nm)]X10  multilayers.  The  MR  ratio  of  the  sample  with 
t=  6  changes  from  0.4%  to  6.5%  in  the  field  range  from  0  to 
2  kA/m  in  [011]  direction  (solid  line)  while  smaller  change 
in  MR  ratio  could  be  observed  in  [001]  direction  (dashed 
line).  These  films  showed  biaxial  anisotropy  with  easy  axes 
of  [001]  and  [01 1]  directions  in  the  film  plane.  As  t  increases, 
the  MR  ratio  decreases  owing  to  shunting  effect  (t** 6),  how¬ 
ever,  in  the  t=  10  sample  clear  switching  characteristics  be¬ 
tween  high  and  low  resistivity  could  be  observed  due  to  free 
and  independent  rotations  of  Co  and  NiFe  magnetizations. 
Couplings  between  Co  and  NiFe  layers  exist  to  some  extent 
even  in  the  sample  with  t~ 6. 

To  reduce  the  couplings  between  ferromagnetic  layers, 
we  interposed  thin  Ag  layer  at  the  midpoint  of  a  Cu  layer. 
Figure  3  shows  MR  curves  of  Si/Cu  (5  nm)/[Co  (3  nm)/Cu 
(2.5-.X/2  nm)/Ag  (x  nm)/Cu  (2.5 ~x/2  nm)/NiFe  (3  nm)/Cu 
(2.5— jc/2  nm)/Ag  (x  nm)/Cu  (2.5 -x/2  nm)]X10  multilayers. 
The  samples  with  jc=0.1  and  0.2  show  higher  sensitivities 
than  the  sample  without  Ag  layer  (x=0).  The  MR  ratio  of  the 
sample  with  x=0.4  is  lower  than  those  of  x^0.2  and  the  MR 
curves  of  the  sample  has  negligible  angular  dependence, 
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H  (kA/m) 

FIG.  2.  Room-temperature  MR  curves  for  Si/Cu  (50  nm)/[Co  3  nm)/Cu  (t 
nm)/NiFe  (3  nm)/Cu  (t  nm)]XlO  multilayers  with  Cu  thickness  t  of  5,  6,  7, 
and  10  nm.  Magnetic  field  was  applied  both  in  the  [Oil]  direction  (solid 
line)  and  in  the  [001]  direction  (dashed  line). 

and  [001]  directions,  respectively.  The  difference  in  MR 
curves  between  [Oil]  and  [001]  should  come  from  the  dif¬ 
ference  between  magnetization  curves  of  both  directions.  In 


(c) 


t 

t: 


FIG.  1.  RHEED  patterns  of  Si/Cu  (50  nm)/[Co  (3  nm)/Cu  (2.5 -x/2  nm)/Ag 
(x  nm)/Cu  (2.5-jc/2  nm)/NiFe  (3  nm)/Cu  (2.5 -x/2  nm)/Ag  (x  nm)/Cu  (2.5 
-x/2  nm)]xl0  multilayers,  (a)  x=0 ,  (b)  x=0.2,  and  (c)  x=0.4. 


Fig.  4(b),  the  soft  layer  (NiFe  layer)  rotates  at  about  1  kA/m 
in  the  same  way  in  both  directions,  however,  only  about  70% 
of  the  magnetization  of  the  hard  layer  (Co  layer)  rotates  at 
about  3.5  kA/m  in  the  [001]  direction,  while  the  nearly 
whole  magnetization  of  the  Co  layer  rotates  at  the  same  field 
in  the  [Oil]  direction. 

In  a  cubic  crystal,  magnetocrystalline  anisotropy  Ea  is 
generally  expressed  by 

Ea=Kl(a2lal+  a\a\+  a\a\)  +  K2a\a22al+  (1) 

where  a1?  a2,  and  a3  are  direction  cosines  of  magnetization 
from  the  crystallographic  axes  and  K1  and  K2  are  cubic  an¬ 
isotropy  constants.5  When  the  magnetization  rotates  in  the 
(100)  plane,  the  second  term  of  Eq.  (1)  is  zero  and  it  is 
expressed  as 


which  is  characteristic  of  poly-crystalline  film.  RHEED  pat¬ 
terns  after  deposition  of  the  samples  with  x=0,  0.2  and  0.4 
are  shown  in  Fig.  1.  Figure  1(b)  (x=0.2)  shows  a  more 
streaky  pattern,  which  is  indicating  a  flatter  surface  of  the 
film,  than  Fig.  1(c)  (x=0).  This  result  possibly  indicates  that 
the  interposition  of  thin  Ag  layers  improves  the  flatness  of 
the  interface  between  ferromagnetic  and  nonmagnetic  layers. 

We  have  also  investigated  electric  and  magnetic  proper¬ 
ties  of  sandwich-type  NiFe/Cu(/Ag/Cu)/Co  films  in  Si/Cu 
substrates.  In  this  case,  samples  were  prepared  on  a  thinner 
buffer  layer  to  increase  resistance.  Therefore  more  distortion 
was  induced  in  these  samples,  however,  they  were  epitaxially 
grown  on  Si/Cu  with  the  same  orientational  relationships  as 
those  of  the  samples  on  50-nm-thick  Cu  buffer  layer.  Figure 
4  shows  (a)  MR  and  (b)  magnetization  curves  of  Si/Cu  (5 
nm)/NiFe  (10  nm)/Cu  (2.4  nm)/Ag  (0.2  nm)/Cu  (2.4  nm)/Co 
(10  nm)  film.  Figure  4(a)  shows  clear  switching  characteris¬ 
tics  of  resistivity  along  the  [Oil]  direction  in  the  film  plane. 
The  MR  ratios  of  the  samples  are  4.3%  and  3.4%  in  [Oil] 


H  (kA/m) 


FIG.  3.  MR  curves  of  Si/Cu  (50  nm)/[Co  (3  nm)/Cu  (2.5 -x/2  nm)/Ag  (x 
nm)/Cu  (2. 5— jc/2  nm)/NiFe  (3  nm)/Cu  (2.5 -x/2  nm)/Ag  (x  nm)/Cu  (2.5 
-x/2  nm)]Xl0  multilayers  with  Ag  thickness  x  of  0,  0.1,  0.2,  and  0.4  nm. 
Magnetic  field  was  applied  both  in  the  [Oil]  direction  (solid  line)  and  in  the 
[001]  direction  (dashed  line). 
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FIG.  4.  MR  and  magnetization  curves  of  Si/Cu  (5  nm)/NiFe  (10  nm)/Cu 
(2.4  nm)/Ag  (0.2  nm)/Cu  (2.4  nm)/Co  (10  nm)  film  with  the  applied  field  in 
the  [Oil]  direction  (solid  line)  and  in  the  [001]  direction  (dashed  line). 


£a  =  y(  l-cos40)  +  — ,  (2) 

where  0is  an  angle  between  magnetization  and  [010]  axis.  In 
fee  Co,  the  sign  of  Kx  is  minus.6  Therefore  Eq.  (2)  means 
biaxial  anisotropy  with  the  easy  axes  of  [011]  and  [Oil]  in 
the  plane.  This  qualitatively  agrees  with  the  results  on  the 
epitaxial  NiFe/Cu/Co(/Cu)  films.  The  origin  of  biaxial  an¬ 
isotropy  of  the  films  comes  from  crystalline  anisotropy  of  fee 
Co. 

Minor  MR  loop  was  also  measured  on  the  sample  along 
the  [011]  direction  as  shown  in  Fig.  5.  In  Fig.  5,  Co  magne¬ 
tization  is  fixed  to  one  direction  and  NiFe  magnetization  ro¬ 
tates  from  parallel  state  to  antiparallel  state  to  Co  magneti¬ 
zation  at  H2 ,  and  from  antiparallel  to  parallel  at  Hx . 
Therefore  the  switching  fields,  H x  and  H2  can  be  written  as 
follows: 

ti\~  //coupling  ^cNiFe  ’  ^2  ^coupling ^ c NiFe  »  (3) 


H(kA/m) 


FIG.  5.  MR  minor  loop  of  Si/Cu  (5  nm)/NiFe  (10  nm)/Cu  (2.4  nm)/Ag  (0.2 
nm)/Cu  (2.4  nm)/Co  (10  nm)  film  with  the  applied  field  in  the  [011]  direc¬ 
tion. 


while  //C0Upiing  is  the  coupling  field  between  Co  and  NiFe 
layer  and  Hc NiFe  is  the  coercivity  of  NiFe  layer.7  Equations 
(3)  mean  //coupling=(//i  +H2)/ 2  and  //cNiFe  =  (H2  ~  HX)I2. 
From  Fig.  5,  the  calculated  values  of  Hcou pling  and  //cNiFe  are 
0.44  and  0.4  kA/m,  respectively.  The  exchange  field  of  poly¬ 
crystalline  [Cu  (5.5  nm)/Co  (2.5  nm)/Cu  (5.5  nm)/NiFe  (2.5 
nm)]  multilayers  were  estimated  to  be  7  Oe  (0.56  kA/m)  by 
Shinjo  et  al .8  by  measuring  angular  dependence  of  resistivity 
in  small  field.  The  value  of  the  epitaxial  film  is  roughly  the 
same  as  that  of  the  poly-crystalline  film.  Therefore  sharp 
switching  characteristics  of  MR  in  the  epitaxial  film  are  not 
caused  by  the  reduction  of  exchange  couplings  of  the  film. 

Interface  roughness  should  have  an  effect  on  exchange 
couplings  between  ferromagnetic  layers.  In  [NiFe(Co)/Cu] 
multilayers,  no  evidence  of  a  giant  MR  or  antiferromagnetic 
couplings  could  be  observed  in  the  poly-crystalline  films. 
Oscillations  of  MR  ratio  were  observed,  however,  in  epitax¬ 
ial  films  in  which  flatter  interfaces  were  observed  than  in 
poly-crystalline  films.3  These  results  suggested  that  flatter 
interfaces  formed  by  epitaxial  growth  promoted  the  antifer¬ 
romagnetic  couplings  between  ferromagnetic  layers.  In  the 
epitaxial  [NiFe/Cu/Co/Cu]  multilayers,  the  interposition  of 
thin  Ag  layer  decreased  roughness  of  the  interface  and  im¬ 
proved  the  MR  sensitivity.  Interface  roughness  might  gener¬ 
ate  pinholes  and  ferromagnetic  coupling  between  ferromag¬ 
netic  layers.  In  poly-crystalline  [NiFe/Cu/Co/Cu]  multi¬ 
layers,  Cr  underlayer  improve  interface  flatness  and  MR  sen¬ 
sitivity  of  the  film.9  Our  results  on  epitaxial  films  suggests 
that  in  noncoupled-type  [NiFe/Cu/Co/Cu]  multilayers,  inter¬ 
face  flatness  improves  MR  sensitivity. 

IV.  CONCLUSION 

In  the  epitaxial  [Co/Cu/NiFe(/Cu)]  films  on  Si(100)/Cu 
substrates,  high  MR  sensitivity  along  the  [Oil]  and  [011] 
directions  in  the  film  plane  was  realized.  Furthermore,  inter¬ 
position  of  thin  Ag  layer  in  a  Cu  layer  improved  MR  sensi¬ 
tivity  of  the  film.  The  higher  MR  sensitivity  in  the  epitaxial 
films  may  originate  in  the  square-shaped  magnetization 
curves  along  the  easy  axes  [011]  and  [011]  of  the  Co  layers. 
Flatness  of  interface  was  also  effective  to  improve  the  MR 
sensitivity  in  the  films. 
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We  have  made  spin-valve  structures  of  Permalloy/Cu/Co  by  sputtering  or  electron-beam  deposition 
onto  the  antiferromagnetic  oxide  NiO.  The  oxides  were  made  either  by  deposition  of  the  metals  and 
subsequent  oxidation  or  by  growing  them  in  situ  using  reactive  sputtering.  The  magnetic  properties 
of  the  giant  magnetoresistance  structures  were  studied  by  magnetoresistance,  vibrating  sample 
magnetometry,  and  ferromagnetic  resonance  methods.  The  oxides  were  characterized  by  x-ray 
diffraction  and  atomic  force  microscopy.  We  studied  surface  roughness  and  structure  as  functions  of 
thickness  and  oxidation  temperature  and  correlated  the  oxide  properties  with  the  magnetic 
performance.  We  found  that  the  metal  layer  roughened  during  the  postdeposition  oxidation  process 
and  that  the  resulting  oxide  layers  were  very  effective  in  pinning  the  direction  of  the  magnetic 
moment  of  adjacent  metal  films.  Coercive  fields  over  500  Oe  were  obtained  for  Co  overlayers  on 
NiO  films  but  the  exchange  bias  field  was  generally  less  than  100  Oe  and  was  not  strongly 
dependent  on  the  roughness.  The  beneficial  effects  of  this  strong  pinning  were  offset  to  some  degree 
by  higher  switching  fields  required  in  spin-valve  structures  deposited  over  the  Co.  We  also  made 
reactively  sputtered  oxide  antiferromagnetic  films  which  had  smoother  surfaces  than  those  made  by 
postdeposition  oxidation.  [S0021-8979(96)55508-3] 


I.  INTRODUCTION 

Properties  of  antiferromagnetic  NiO,  CoO,  and  NiO- 
CoO  mixtures  as  magnetic  bias  layers  have  recently  been 
extensively  investigated  because  of  their  potential  advan¬ 
tages  in  fixing  the  orientation  of  one  of  the  layers  in  a  spin- 
valve  or  giant  magnetoresistance  (GMR)  structure.1-3  The 
resulting  oxide  layers  are  chemically  stable,  insulating,  and 
can  be  simply  and  reproducibly  made.  Most  work  has  used 
reactive  sputtering  to  prepare  the  oxide  films;  results  of  using 
bulk  single  crystals2  and  molecular-beam-epitaxy  (MBE) 
grown  films4  for  magnetic  bias  have  also  been  reported. 
While  roughness  has  been  identified  as  a  factor  increasing 
both  coercivity  and  exchange  bias  field,  the  undesirable  ef¬ 
fects  of  roughness  on  the  coercivity  of  overlying  “soft”  lay¬ 
ers  have  not  been  reported.  Roughness  may  increase  ex¬ 
change  bias  by  increasing  the  amount  of  interface  area 
available  while  coercivity  is  increased  by  the  distribution  of 
dipolar  magnetic  fields  around  magnetic  defects  or  struc¬ 
tures,  which  can  thus  act  as  traps  or  barriers  for  domain 
walls.  The  basic  aspects  of  antiferromagnetic  oxides  in  pro¬ 
viding  exchange  bias  to  adjacent  layers  were  explored  by 
Miekeljohn  and  Bean5  and  later  by  Malozemoff;6  they  found 
that  atomic  exchange  fields  of  over  106  Oe  were  drastically 
reduced  by  the  averaging  over  random  spin  orientations  in 
practical  materials:  In  effect,  the  statistical  deviations  from 
zero  of  the  number  of  surface  spins  in  a  given  direction, 
within  an  exchange  correlated  region,  determine  the  strength 
of  coupling. 

We  have  made  Ni  oxide  films  by  postdeposition  oxida¬ 
tion  of  metal  films  and  by  reactive  sputtering,  and  observed 
their  effects  on  the  magnetic  properties  of  overlying  GMR 
structures.  While  our  motivation  in  studying  ex  situ  oxidized 
films  was  directed  toward  ease  of  fabrication,  our  study  of 


spin-valve  structures  made  on  these  films,  which  were  found 
to  have  varying  roughness,  has  been  useful  in  elucidating  the 
effects  of  roughness  on  coercivity  and  exchange  bias  and 
switching  fields.  The  roughness  was  found  to  promote  large 
values  of  the  coercivity  and  moderate  exchange  bias,  both  of 
which  are  effective  in  pinning  the  orientation  of  magnetic 
metal  overlayers.  Systematic  relationships  of  the  oxide  layer 
thickness  and  of  the  oxidation  temperature  to  roughness,  co¬ 
ercivity,  and  ferromagnetic  resonance  (FMR)  linewidth  were 
found. 

II.  EXPERIMENT 

Ni  metal  films  were  made  by  either  magnetron  sputtering 
or  electron-beam  evaporation.  Metal  thicknesses  in  the  range 
15-100  nm  were  deposited,  generally  on  polished  Si  wafers. 
Thicknesses  were  monitored  by  quartz-crystal  oscillator  and 
confirmed  by  x-ray  fluorescence  and  mass  gain.  Surface 
structure  was  analyzed  using  an  atomic  force  microscope 
(AFM)  with  a  depth  resolution  of  about  2  nm.  The  substrates 
and  the  metal  films  were  smooth  to  at  least  that  level.  The 
oxidation  was  done  in  either  air  or  oxygen  at  temperatures 
from  400  to  900  °C.  During  oxidation  the  film  thickness  in¬ 
creases  by  about  a  factor  of  2  in  order  to  accommodate  the 
oxygen;  nevertheless,  the  surfaces  remained  adherent  and 
crack  free.  X-ray  diffraction  showed  the  films  to  be  the  cor¬ 
rect  structure  for  antiferromagnetic  NiO.  The  reactively  sput¬ 
tered  NiO  films  were  made  in  various  mixtures  of  O  and  Ar. 
Metal  overlayers  of  Co,  Cu,  and  Permalloy  of  about  5  nm 
each  were  deposited  on  both  types  of  oxides  by  sputtering  or 
electron-beam  evaporation  to  form  GMR  structures.  These 
thicknesses  were  chosen  to  alloy  easy  permalloy  switching 
rather  than  to  maximize  magnetoresistance. 

Magnetic  measurements  were  made  using  vibrating 
sample  magnetometry  (VSM),  FMR,  and  magnetoresistance 
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EFFECT  OF  THICKNESS  ON  COERCIVITY 


FIG.  1.  FMR  data  of  overlying  GMR  structure.  The  Co  resonance  is  present 
but  is  weak  compared  to  the  other  features.  Insert  (a):  AFM  image  of  a 
200-nm-thick  postdeposition-oxidized  NiO  film;  and  inset  (b):  VSM  data. 


(MR).  From  the  VSM  data  we  found  the  coercivity  of  the 
metal  layers  and  we  estimated  the  exchange  field  acting  on 
them  by  the  displacement  of  their  loops  from  the  origin. 
Similar  information  was  obtained  from  MR  data  and  from 
the  low-field  FMR  data,  in  which  features  of  the  MR  can  be 
seen  in  the  low-field  absorptionlike  signals.7 

III.  RESULTS  AND  DISCUSSION 

The  AFM  images  for  postdeposition-oxidized  Ni  films 
[Fig.  1(a)]  show  very  distinct  features  with  a  lateral  scale  up 
to  100  nm,  and  with  depths  of  up  to  50  nm,  for  film  thick¬ 
nesses  of  about  200  nm  of  NiO.  Apparently  considerable 
migration  of  the  Ni  occurs  during  the  oxidation  process. 
Since  these  features  are  comparable  to  domain-wall  widths, 
about  100  nm  for  Permalloy,  it  is  not  surprising  that  quite 
large  coercivities  are  seen  in  both  the  Co  and  Permalloy  lay¬ 
ers  deposited  on  this  oxide:  Figure  1  shows  how  the  coer¬ 
civities  are  reflected  in  the  FMR  data  observed  at  9.78  GHz 
and  the  VSM  data,  inset  (b).  Exchange  bias  fields  acting  on 
the  adjacent  layer  are  about  60  Oe.  Significant  exchange  cou¬ 
pling  of  the  magnetic  layers  through  the  Cu  is  not  seen.  The 
Co  coercivity  fell  rapidly  for  oxide  thicknesses  much  less 
than  50  nm  [Fig.  2(a)]  and  was  largest  for  the  lowest  oxida¬ 
tion  temperatures  used  [Fig.  2(b)].  The  latter  effect  may  be  a 
result  of  the  finer  structure  of  the  low-temperature  oxidized 
material  since  the  size  of  the  features  is  then  closer  to  the 
typical  domain  wall  size  in  Co. 

Figure  3  shows  the  AFM  image  of  a  typical  reactively 
sputtered  NiO  layer.  The  corresponding  VSM  and  MR  curves 
are  also  shown.  The  NiO  produced  in  this  way  has  low 
roughness  except  for  some  isolated  features,  and  results  in 
low  coercivities  of  the  overlayer  while  maintaining  moderate 
exchange  bias;  thicker  NiO  becomes  rougher  and  produces 
large  coercivity. 

Finally,  the  correlation  of  the  roughness  and  coercive 
fields  for  GMR  structures  biased  by  the  reactively  sputtered 
NiO  layers  is  shown  in  Fig.  4. 


a)  NiO  THICKNESS  (A) 

EFFECT  OF  OXIDATION  TEMPERATURE  ON  COERCIVE  FIELD 


FIG.  2.  (a)  Effect  of  NiO  film  thickness  for  postdeposition  oxidation  on  the 
coercive  field  of  an  overlying  5  nm  Co  film,  (b)  Effect  of  temperature  used 
for  oxidation  of  the  Ni  on  the  coercive  field  of  an  overlying  5  nm  Co  film. 
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FIG.  3.  (a)  AFM  image  of  reactively  sputtered  NiO  170  nm  thick,  rms 
roughness  in  rectangle  is  6.2  nm;  (b),  (c)  VSM  and  MR  data,  respectively, 
for  this  sample. 
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ROUGHNESS  AND  COERCIVITIES  VS  THICKNESS 


FIG.  4.  Effects  of  increasing  thickness  on  roughness  and  coercivity  for 
reactively  sputtered  NiO  biased  GMR  structures. 


The  effects  of  the  roughness  of  the  thin  magnetic  films 
deposited  onto  rough  surfaces  on  coercivity  and  linewidth 
can  be  understood  as  arising  from  the  competition  between 
exchange  and  dipolar  energies.  The  exchange  energy  can  be 
represented  by  an  effective  exchange  field  of  magnitude 
Hexch=2A/M(\IL)2,  where  A  is  the  exchange  constant,  typi¬ 
cally  10~6  erg/cm  for  Permalloy,  M  is  the  magnetization  of 
about  800  G,  and  L  is  the  scale  of  spatial  variations  of  Af, 
here  about  50  nm;  the  magnitude  of  Hex ch  is  thus  about  100 
Oe.  This  field,  favoring  local  alignment,  competes  with  the 
demagnetization,  which  produces  fields  on  the  order  of  Hd 
=  4  ttM  sin  0,  where  6  is  the  angle  of  the  moment  out  of  the 
local  plane  because  of  the  exchange  constraint;  this  field  rep¬ 
resents  a  barrier  to  domain- wall  motion,  and  hence  is  related 
to  the  coercive  field.  At  equilibrium,  Hd  will  thus  have  the 
same  magnitude  as  //exch .  (This  argument  suggests  that  the 
coercivity  becomes  very  large  as  L  approaches  zero.  How¬ 
ever,  for  L  much  less  than  the  wall  width,  the  wall  averages 
over  the  alternating  variations  in  Hd ,  which  are  bounded, 
and  becomes  insensitive  to  them;  the  distribution  is  therefore 
“exchange  narrowed”  to  approximately  HdIH&xch ,  which 
approaches  zero  for  short  range,  e.g.,  atomic  roughness.  The 
lower  coercivity  of  the  reactively  sputtered  films  follows 
from  the  reduced  scale  of  its  roughness  relative  to  the 


domain-wall  widths.)  (The  variation  of  Hd  will  also  be  the 
major  contribution  to  the  FMR  linewidth  of  the  Permalloy.) 
The  above  estimates  are  in  good  agreement  with  the  ob¬ 
served  values  of  linewidth  and  coercivity,  at  least  for  the 
choice  of  L  taken  above.  They  also  suggest  that  the  relatively 
larger  coercivity  of  the  Co  films  is  related  to  its  larger  A 
value,  nearly  three  times  larger  than  that  of  Permalloy.  Mag- 
netostrictive  effects  may  also  play  a  role  in  the  coercivity  of 
the  Co. 

Because  of  the  roughness  we  were  not  able  to  image  any 
domain  walls  using  Bitter  decoration;  traces  over  regions  of 
Permalloy  magnetization  reversal  made  with  reflected  light, 
analyzed  using  crossed  polarizers  (Kerr  imaging)  showed  a 
distinctive  change  of  sign,  indicating  the  potential  usefulness 
of  this  method  in  evaluating  these  materials. 

IV.  CONCLUSIONS 

GMR  structures  deposited  on  antiferromagnets  grown  by 
oxidation  of  Ni  or  Ni-Co  metal  films  produced  up  to  3% 
changes  in  resistance  in  the  range  of  magnetic  fields  required 
to  reverse  one  of  the  layers  with  respect  to  the  other.  The 
magnetic  fields  necessary  to  reverse  the  Permalloy  are  some¬ 
what  lower  than  those  required  to  reverse  the  Co,  leading  to 
a  partially  anti-aligned  state  for  appropriate  field  values.  For 
postdepostiion-oxidized  NiO  bias  layers,  there  is  generally 
an  overlap  in  fields  at  which  some  rotation  occurs  in  both 
magnetic  layers,  leading  to  a  reduction  in  the  magnitude  of 
the  GMR8  and  undesirably  large  fields  of  more  than  50  Oe  to 
produce  the  maximum  effect.  For  the  smoother  NiO  pro¬ 
duced  by  reactive  sputtering,  the  switching  fields  are  better 
separated  and  the  NiFe  switching  is  sharper. 
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Giant  magnetoresistance  effect  and  electric  conduction 
in  amorphous-CoFeB/Cu/Co  sandwiches 
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Giant  magnetoresistance  (MR)  effects  have  been  investigated  for  spin  valve  sandwiches  using 
amorphous(0)-(CoO9Feo  1)80B2o  alloy  layers.  In  an  a-CoFeB/Cu/Co  sandwich,  a  MR  ratio  as  large 
as  6%  was  obtained,  and  a  MR  curve  was  found  to  saturate  in  a  field  within  100  Oe.  The  resistivity 
is  40-60  jufl  cm.  In  a  CoFeB(4  nm)/Cu(2  nm)/a-CoFeB(2  nm)/NiO(10  nm)  sandwich,  MR  ratios 
as  large  as  4%  were  also  obtained.  The  maximum  field  sensitivity  of  the  sandwich  is  about  2.5%/Oe. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)68208-2] 


I.  INTRODUCTION 

Spin  valve  structures1  are  attracting  great  interest  since 
the  low  field  magnetoresistive  behavior  is  suitable  for  the 
application  to  magnetoresistive  readout  heads  and  magne¬ 
toresistance  (MR)  memory.2  We  have  already  reported  that 
giant  magnetoresistance  (GMR)  due  to  the  spin- dependent 
electron  scattering  appears  in  amorphous  ( <2  )-CoFeB/Cu/Co 
sandwiches.3  In  this  article,  we  describe  the  dependence  of 
the  GMR  effect  and  electric  conduction  on  the  thickness  of 
magnetic  layers  for  spin  valve  sandwiches  using 
a-(Co09Fe0 .i)8oB2o  layers.  We  also  show  that  the  GMR  effect 
is  obtained  in  a-CoFeB/Cu/a-CoFeB/NiO  sandwiches. 

II.  EXPERIMENT 


preparation  of  the  SiN  layer,  otherwise  all  the  layers  were 
grown  successively  without  breaking  the  vacuum. 

III.  RESULTS  AND  DISCUSSION 

Figure  2  is  the  typical  MR  curves  and  MH  loops  for 
a-CoFeB/Cu/Co  sandwiches  with  CoFeB  layers  of  various 
thickness.  The  MR  curves  were  measured  with  the  magnetic 
field  applied  in  the  direction  parallel  to  the  easy  axis.  Large 
MR  ratios  were  obtained  for  very  thin  a -CoFeB  layers;  at 
CoFeB  thicknesses  of  2  nm,  the  MR  ratio  reaches  a  maxi¬ 
mum  of  about  6.5%.  The  maximum  field  sensitivity  of  the 
sandwich  is  about  2%/Oe.3  From  MH  loops,  it  is  seen  that 
the  sandwiches  which  show  large  MR  ratios  exhibit  a  mag- 


Two  types  of  sandwiches  shown  in  Fig.  1  have  been  used 
in  this  investigation.  One  is  the  Co/Cu/a -CoFeB  sandwiches 
where  the  magnetization  of  the  Co  layer  on  the  surface  side 
is  pinned  by  the  oxidized  Co  layer.4  The  other  is  a-CoFeB/ 
Cu/a  -CoFeB  sandwiches  where  the  magnetization  of  the 
outer  a -CoFeB  layer  is  coupled  with  a  NiO  layer.  These 
sandwiches  were  prepared  using  a  rf  magnetron  sputtering 
system  with  three  targets  in  a  similar  manner  to  that  de¬ 
scribed  in  a  previous  article.3  The  composition  of  the  alloy 
layer  is  (Co0  9Fe0 1)80B20,  which  exhibits  nearly  zero  magne¬ 
tostriction  in  an  amorphous  state.3  When  the 
(Co09Fe0 .i)80B20  layer  was  deposited  to  a  thickness  of  200 
nm,  the  amorphous  structure  was  confirmed  with  halolike 
X-ray  diffraction  patterns.  For  both  sandwiches,  a  5-nm- 
thick  SiN  layer  was  deposited  first  onto  a  glass  substrate  as  a 
buffer  layer.  The  SiN  layer  was  sputtered  from  a  Si3N4  target 
at  10  mTorr  of  Ar  pressure.  The  deposition  rate  is  about  0.1 
nm/s.  The  vacuum  of  the  chamber  was  broken  only  after  the 
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FIG.  1.  Constructions  of  sandwiched  films. 


FIG.  2.  Typical  MR  and  MH  curves  for  a-CoFeB(/CoFeB)/Cu(2  nm)/Co(2 
nm)  with  various  CoFeB  layer  thicknesses. 
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CoFeB  thickness  (nm) 

FIG.  3.  Dependence  of  resistivity  and  resistivity  change  on  CoFeB  thickness 
in  a-CoFeB(fCoFeB)/Cu(2  nm)/Co(2  nm)  sandwiches. 

netization  process  indicative  of  the  antiparallel  alignment  of 
the  magnetic  layers.  Increasing  the  thickness  of  an  a-CoFeB 
layer,  the  MR  ratio  decreased  and  the  two-stage  magnetiza¬ 
tion  processes  disappeared.  Estimating  the  magnetic  moment 
of  Co  from  the  two-stage  magnetization  loop,  the  thickness 
of  the  Co  layer  that  is  still  ferromagnetic  is  presumed  to  be 
about  1  nm. 

The  dependence  of  p(resistivity)  and  Ap(resistivity 
change)  on  the  thickness  of  the  CoFeB  layer  is  shown  in  Fig. 
3.  When  the  CoFeB  layer  is  thinner  than  5  nm,  the  resistivity 
is  about  40  /AT  cm  and  almost  constant.  This  may  mean  that 
the  resistivity  is  dominated  by  Cu  (and  Co)  layers.  Then  with 
increasing  thickness  the  resistivity  increases  gradually  to¬ 
ward  the  value  of  a -CoFeB (100  /AT  cm).  On  the  other  hand, 
the  resistivity  change  A p  shows  a  peak  at  around  2  or  4  nm. 
The  abrupt  decrease  above  5  nm  is  thought  to  be  due  to 
incomplete  antiparallel  alignment. 

The  minor  loops  of  the  MR  curves  of  a-CoFeB/Cu/Co 
sandwiches  are  shown  in  Fig.  4.  The  coupling  field  Hw  de¬ 
fined  in  Fig.  4  is  inversely  proportional  to  the  thickness  of 


H(Oe) 

FIG.  4.  Minor  loops  of  the  MR  curves  for  a-CoFeB(rCoFeB)/Cu(2  nm)/Co(2 
nm)  sandwiches. 
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FIG.  5.  MR  curves  of  a-CoFeB(4  nm)/Cu(2  nm)/Co(rCo)  sandwiches  with 
various  Co  layer  thicknesses. 

CoFeB.  From  the  direction  of  the  minor  loop  shift,  the  cou¬ 
pling  between  the  magnetic  layers  is  thought  to  be  ferromag¬ 
netic. 

Figure  5  shows  the  MR  curves  of  a-CoFeB/Cu/Co  sand¬ 
wiches  with  Co  layers  of  various  thicknesses.  The  MR  ratio 
showed  the  maximum  for  a  2-nm-thick  Co  layer,  and  de¬ 
creased  with  increasing  Co  thickness,  becoming  almost  0% 
for  5-nm-thick  Co.  From  the  MR  curves,  it  is  also  seen  that 
the  field  for  the  magnetization  reversal  of  Co  layers  gradu- 


FIG.  6.  MR  and  MH  curves  for  a -CoFeB  (2  nm)/Cu(2  nm)/fl-CoFeB(2  nm) 
sandwich. 
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ally  decrease  with  increasing  thickness  of  Co  layers.  In  the 
case  of  the  5  nm  Co  layer,  the  magnetization  reversal  of  both 
Co  and  0-CoFeB  layers  seems  to  occurs  almost  simulta¬ 
neously. 

For  A-CoFeB/Cu/a-CoFeB  sandwiches,  the  MR  curve 
and  the  MH  loop  are  shown  in  Fig.  6,  where  the  thicknesses 
of  Cu  and  two  a-CoFeB  layers  are  all  2  nm.  The  MH  loop 
exhibiting  two  stages  is  similar  to  those  of  Co/Cu/a-CoFeB 
sandwiches  shown  in  Fig.  2.  Comparing  the  MH  loops  of 
these  two  types  of  sandwiches,  it  is  found  that  the  a-CoFeB/ 
Cu/a-CoFeB  sandwich  shows  more  complete  squareness 
during  the  magnetization  reversal  of  the  pinned  (magneti¬ 
cally  hard)  layer.  The  obtained  MR  ratio  of  4.5%  is  compa¬ 
rable  to  those  of  Co/Cu/tf-CoFeB  sandwiches.  The  maximum 
field  sensitivity  of  an  a-CoFeB/Cu/a-CoFeB  sandwich  was 
estimated  at  2.5%/Oe  from  the  slope  of  the  MR  curve  in  soft 
a-CoFeB  layer. 

In  conclusion,  the  sandwiches  using  a-CoFeB  layers  ex¬ 
hibit  giant  MR  (GMR)  due  to  spin-dependent  electron  scat¬ 
tering.  Relatively  large  MR  ratios  of  4%-6%  were  obtained 


even  when  the  thickness  of  amorphous  magnetic  layers  is  as 
thin  as  2  nm.  This  may  be  related  to  the  very  short  electron 
mean  free  path  in  amorphous  alloys.  From  the  application 
point  of  view,  a  very  thin  magnetic  layer  is  favorable  to 
reduce  the  demagnetizing  field  and  will  be  useful  to  reduce 
the  size  of  magnetic  devices  operating  at  low  fields.  Finally, 
it  is  well  known  that  the  magnetotransport  properties  of 
multilayer  materials  are  very  sensitive  to  structural  charac¬ 
teristics.  Thus  the  relationship  between  layer  thicknesses, 
structural  properties,  and  GMR  response  in  these  complex 
amorphous/crystalline  sandwiches  is  currently  being  studied 
and  will  be  presented  in  forthcoming  publications. 
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Size  effects  and  giant  magnetoresistance  in  unannealed  NiFe/Ag 
multilayer  stripes 

S.  C.  Sanders,  R.  W.  Cross,  S.  E.  Russek,  A.  Roshko,  and  J.  O.  Oti 

Electromagnetic  Technology  Division,  National  Institute  of  Standards  and  Technology,  Boulder, 

Colorado  80303 

We  have  observed  giant  magnetoresistance  (GMR)  in  unannealed  NiFe/Ag  multilayer  thin-film 
stripes.  Rectangular  stripes  having  constant  thickness  and  a  constant  11:1  length-to-width  aspect 
ratio,  but  varying  widths  down  to  0.5  /x m,  were  measured.  Two  types  of  multilayer  configuiations 
were  tested,  a  system  of  five  NiFe/Ag  bilayers  with  5.5-nm-thick  Ag  spacer  layers,  and  a  system  of 
nine  bilayers  with  4.4-nm-thick  Ag  layers.  In  contrast  to  the  characteristic  of  annealed  NiFe/Ag 
multilayer  stripes,  the  unnannealed  stripes  produced  increasing  GMR  ratios  for  decreasing  stripe 
sizes,  with  the  0.5-ynm-wide  stripe  of  the  five-bilayer  system  exhibiting  a  A R/R  of  2.5%. 
Barkhausen  noise  and  response  broadening  also  increased  with  decreasing  stripe  size,  however.  The 
results  are  discussed  in  terms  of  magnetostatic  coupling  of  the  NiFe  layers  within  the  stripes. 
[S0021-8979(96)55608-2] 


INTRODUCTION 

Studying  finite-size  effects  in  giant  magnetoresistive 
(GMR)  materials  is  important  both  for  understanding  the  mi- 
cromagnetic  phenomena  as  well  as  for  examining  suitability 
for  magnetic  sensor  applications.  The  multilayer  NiFe/Ag 
GMR  system1-7  is  attractive  for  potential  sensor  applications 
due  to  its  high  sensitivity  (large  change  in  MR  per  unit  field), 
especially  when  annealed  to  form  discontinuous  multilayers.2 
In  this  form,  the  magnetic  NiFe  layers  are  broken  up  into 
small  grains  due  to  Ag  diffusion  along  grain  boundaries.4 
These  grains  interact  magnetostatically  to  induce  antiferro¬ 
magnetic  ordering  among  neighboring  grains  in  adjacent 
NiFe  layers  at  low  fields.  The  relatively  high  degree  of  anti¬ 
parallel  alignment  gives  rise  to  GMR  values  on  the  order  of 
5%.  When  these  annealed  multilayers  are  patterned  into 
micrometer-scale  features,  however,  the  magnetoresistive  re¬ 
sponse  is  significantly  suppressed,  broadened,  and  character¬ 
ized  by  the  presence  of  distinct  “jumps”  (Barkhausen 
noise).8,9  These  characateristics  are  unsuitable  for  sub¬ 
micrometer  sensor  applications. 

Recently,  GMR  in  patterned  unannealed  NiFe/Ag  multi¬ 
layers  was  reported.10  The  unannealed  NiFe/Ag  is  potentially 
more  attractive  for  applications  since  the  annealing  step  is 
avoided.  It  may  also  decrease  the  noise  previously  observed 
in  small  devices,8’9,11  if  the  granular  characteristics  are  elimi¬ 
nated.  Hylton  et  al. 10  studied  unannealed  arrays  of  2  /xm  dots 
consisting  of  two  NiFe  layers  separated  by  a  Ag  spacer.  MR 
measurements  carried  out  on  the  dot  arrays,  corrected  for  the 
continuous  Cr  overcoat  necessary  for  electrical  contact,  gave 
estimated  GMR  ratios  of  2.5%  and  a  1.6  kA/m  (20  Oe)  satu¬ 
ration  field.  The  GMR  effect  was  attributed  to  magnetostatic 
coupling  induced  at  the  edge  of  the  dots,  which  causes  the 
magnetization  in  one  layer  to  align  antiparallel  to  the  other 
layer. 

In  this  study  we  have  patterned  unannealed  NiFe/Ag 
multilayers  into  rectangular  stripes  of  various  sizes  to  exam¬ 
ine  the  role  of  magnetostatics  in  unannealed  NiFe/Ag  multi¬ 
layers.  In  particular,  the  goal  was  to  directly  test  whether 
individual  stripes  having  widths  on  a  1  /am  scale  could  have 
interlayer  magnetostatic  coupling  sufficiently  large  to  pro¬ 


duce  GMR,  and,  if  so,  whether  their  MR  response  contained 
less  noise  than  their  annealed  counterparts.  Stripes  fabricated 
from  five-  and  nine-bilayer  systems  both  showed  increasing 
GMR  amplitude  as  the  stripe  width  decreased  from  16  /zm. 
In  both  cases,  however,  saturation  fields  and  noise  also  in¬ 
creased  with  decreasing  stripe  width. 

EXPERIMENT 

NiFe/Ag  multilayer  films  were  fabricated  by  magnetron 
sputtering  onto  Si02-coated  Si  wafers  as  reported 
previously.6  The  films  were  deposited  at  room  temperature  in 
0.93  Pa  (7  mTorr)  of  Ar,  and  no  magnetic  field  was  applied 
during  the  deposition.  NiFe  was  sputtered  from  a  Ni82Fe18 
alloy  target.  Two  wafers  with  varying  bilayer  number  n  and 
Ag  thickness  rAg  were  used:  Si/Si02  (150  nm)/Ta  (4.5 
nm)/Ag(fAg/2)/NiFe(2.0  nm)/[Ag  (fAg)/NiFe(2  nm)]n.1/Ag 
(rAg/2)/Ta(l  1  nm),  with  n  =  5,  fAg=5.5  nm,  and 
n  =  9,  tAg=4.4  nm.  After  deposition  the  central  regions  of 

the  wafers  were  patterned  using  conventional  photolithogra¬ 
phy  and  diced  into  12.5X12.5  mm2  chips.  Several  of  the 
chips  were  annealed  in  a  rapid  thermal  annealing  furnace  for 
5  min  in  a  5%  H2-Ar  ambient.  These  chips  were  used  for 
direct  comparison  with  the  unannealed  chips.  Rectangular 
stripes  having  nominally  11:1  length-to-width  aspect  ratios 
were  measured  at  room  temperature  using  a  two-probe  MR 
tester.  The  active  areas  defined  by  the  Au  contact  electrodes 
were  one  square.  Bias  currents  were  scaled  approximately 
with  stripe  width,  with  current  density  7~5X  105  A/cm2,  and 
the  magnetic  field  was  applied  in  the  plane  of  the  stripe.  For 
cross-sectional  transmission  electron  microscopy  (TEM) 
studies,  specimens  were  prepared  using  standard  techniques, 
including  N2-cooled  ion  milling.  Care  was  taken  to  prevent 
heating  in  excess  of  70  °C  during  all  TEM  sample  prepara¬ 
tion  steps. 

RESULTS 

The  central  result  of  this  article  is  illustrated  in  Fig.  1. 
Figure  1(a)  shows  A  R/R  as  a  function  of  applied  field  for 
unannealed  NiFe/Ag  rectangular  stripes  having  n= 5  and 
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FIG.  1.  (a)  Magnetoresistive  response  for  unannealed  NiFe/Ag  multilayer 
(«“5,?Ag=5.5  nm)  stripes.  The  field  was  applied  in  the  plane  of  the  stripe 
and  transverse  to  the  long  direction.  Inset:  longitudinal  MR  for  the  0.5-yum- 
wide  stripe,  (b)  Maximum  AR/R  and  full  width  at  half-maximum  data  for 
various  stripe  widths.  Inset:  schematic  of  transverse  MR  measurement. 


tA g~5.5  nm.  The  stripes  have  nominal  widths  ranging  from 
0.5  to  16  fi m.  As  the  stripe  width  W  decreases,  the  MR 
response  increases  in  amplitude  and  broadens.  This  is  seen 
more  clearly  in  Fig.  1(b),  where  the  maximum  A R/R  and  full 
width  at  half-maximum  (FWHM)  data  are  plotted  as  func¬ 
tions  of  W.  As  W  decreases  from  16  to  0.5  ^m,  maximum 
A  R/R  increases  from  1.1%  to  2.6%,  and  the  FWHM  in¬ 
creases  from  1.6  to  14  kA/m  (20  to  180  Oe).  The  sensitivity 
[d(AR/R)/dH]max  therefore  decreases  with  decreasing  W. 
The  inset  of  Fig.  1(a)  shows  A  R/R  for  the  0.5  mm  stripe  with 
longitudinal  applied  field.  Although  the  longitudinal  results 
show  trends  similar  to  the  transverse  results,  the  magnitude 
of  the  longitudinal  broadening  is  much  less  (1.2  kA/m  as 
opposed  to  14  kA/m  for  the  0.5  jx m  stripe). 

We  also  measured  the  MR  response  for  unannealed 
stripes  having  n—9  and  fAg=4.4  nm.  As  in  the  case  of  the 
five-bilayer  stripes  of  Fig.  1,  the  nine-bilayer  samples  show 
the  trend  of  increasing  A  R/R  and  broadening  with  decreas¬ 
ing  W.  For  these  stripes,  the  maximum  A  R/R  increases  from 
0.4%  to  1.9%  as  W  decreases  from  16  to  2  fim.  The  trends 
that  we  observe  are,  therefore,  independent  of  n  and  tAg 
within  these  ranges. 

Noise,  in  the  form  of  discrete  Barkhausen  jumps  in  the 
MR  response,  is  readily  apparent  for  the  smaller  stripes  in 


10  nm 


FIG.  2.  Cross-sectional  TEM  micrograph  of  an  unannealed  seven-bilayer 
sample.  The  GMR  multilayer  is  sandwiched  between  top  and  bottom  Ta 
layers.  The  degree  of  roughness  at  the  top  surface  (~5  nm)  is  typical  of  the 
several  samples  examined. 


Fig.  1(a).  This  may  be  attributed  to  a  finite  granularity  (im¬ 
perfect  multilayers),  which  also  produces  a  nonzero  GMR  in 
the  larger  devices.  TEM  results  on  different  wafers  show  a 
roughening  in  the  unannealed  films  on  the  order  of  a  bilayer 
thickness,  as  shown  in  Fig.  2.  Previous  work  has  indicated 
the  significance  of  sputtering  gas  pressure  on  film  micro¬ 
structure  and  properties.33  The  relatively  high  Ar  pressure 
used  during  sputtering  in  this  study  may  introduce  some  of 
the  observed  roughness.  Temperatures  up  to  130  °C  are  used 
during  photolithography,  but  these  low  processing  tempera¬ 
tures  are  not  likely  to  account  for  the  residual  granularity  and 
presence  of  a  small  GMR  component  in  the  larger  unnan- 
nealed  stripes.  The  Barkhausen  noise  observed  in  the  re¬ 
sponse  of  the  small  stripes  is  discouraging  for  sensor  appli¬ 
cations.  However,  processing  optimization  or  biasing 
optimization,  such  as  increased  current  density,9  may  dimin¬ 
ish  the  noise  problem. 

The  trend  of  increasing  A  R/R  with  decreasing  W  for 
these  unannealed  stripes  is  in  contrast  to  annealed  stripes. 
Annealed  stripes  exhibit  decreasing  A  R/R  with  decreasing  W, 
as  illustrated  in  Fig.  3  for  the  H=5,fAg=5. 5  nm  configuration 
(from  the  same  wafer  as  the  unannealed  n=5  chip)  annealed 
at  340  °C  for  5  min  in  5%  H2-Ar.  The  maximum  A  R/R 
decreases  from  3.6%  to  3.0%  as  stripe  width  decreases  from 
16  to  0.5  /mi. 


DISCUSSION 

In  the  unannealed  stripes,  the  trend  of  increasing  j\R/R 
with  decreasing  W  is  due  to  the  increased  thickness-to- 
volume  ratio  as  W  decreases  (thickness  is  constant),  and, 
therefore,  the  increased  relative  influence  of  the  stripe  edges 
perpendicular  to  the  layers.  As  W  (and  L)  decreases,  the  mag¬ 
netostatic  edge  charges  become  closer.  If  the  layers  are  fully 
continuous  (not  granular),  the  magnitude  of  magnetostatic 
energy  per  unit  volume  should  be  greater  for  the  smaller 
stripes,  leading  to  increased  antiparallel  alignment  in  zero 
applied  field,  and  a  larger  maximum  A R/R.  In  this  case,  a 
larger  field  is  required  to  overcome  the  magnetostatic  energy 
and  align  the  layers,  leading  to  a  broadened  response. 

The  annealed  stripes,  in  contrast,  consist  of  discontinu¬ 
ous  layers,  so  the  increasingly  strong  effect  of  the  stripe  edge 
charges,  with  decreasing  size,  increasingly  dominates  the  in¬ 
tergranular,  interlayer  magnetostatic  interaction  that  occurs 
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FIG.  3.  Maximum  A R/R  and  full  width  at  half-maximum  data  for  various 
stripe  widths  in  a  series  of  annealed  NiFe/Ag  stripes  having  n= 5  and 
tAo= 5.5  nm.  The  annealing  was  carried  out  in  a  rapid  thermal  annealer  for  5 
min  at  340  °C. 


due  to  charges  at  the  grain  edges.  Some  of  the  zero-field 
antiparallel  orientation  is  diminished,  reducing  the  maximum 
A  R/R  as  W  decreases. 

The  increased  Barkhausen  noise  for  the  smaller  samples 
is  attributed  to  the  increased  relative  contribution  of  flipping 
of  domains  as  the  domain  size  becomes  an  appreciable  frac¬ 
tion  of  the  stripe  size. 


We  have  observed  increasing  GMR  amplitudes  with  de¬ 
creasing  size  in  rectangular  stripes  of  unannealed  NiFe/AG 
multilayers.  This  may  be  attributed  to  an  increasing  signifi¬ 
cance  of  magnetostatic  charges  at  the  stripe  edges  as  film 
thickness-to- volume  ratio  increases;  given  a  constant  length- 
to-width  ratio.  Noise  and  response  width  also  increase  with 
decreasing  stripe  size,  however,  posing  a  challenge  for  tech¬ 
nological  applications  such  as  highly  field-sensitive  submi¬ 
crometer  magnetic  sensors. 
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Effect  of  sputter  gas  on  the  physical  and  magnetic  microstructure 
of  Co/Cu  multilayers 

D.  M.  Donnet,3)  K.  Tsutsumi,b)  P.  de  Haan,  and  J.  C.  Lodder 

MESA  Research  Institute  and  CMO  Laboratory,  University  of  Twente,  7500  AE  Enschede ,  The  Netherlands 

The  physical  structure  of  Co/Cu  multilayers,  sputtered  in  different  gases  (Ar,  Kr,  and  Xe)  together 
with  the  domain  structures  that  these  films  support  have  been  investigated  using  electron 
microscopy  in  an  attempt  to  explain  the  differences  in  their  measured  magnetoresistance  (MR).  Both 
planar  and  cross-sectional  analyses  were  undertaken.  Due  to  only  partial  antiferromagnetic  coupling 
submicron  domain  structures  were  observed  by  Lorentz  microscopy  in  all  multilayers.  The  complex 
nature  of  these  domain  structures  made  classification  difficult,  although  small  magnetic  field 
application  allowed  wall  motion  and  nucleation  to  be  observed.  All  films  were  polycrystalline  in 
nature,  although  average  grains  sizes  differed.  However,  smoother  interfaces  together  with  less  well 
defined  crystal  boundaries  were  observed  in  the  Kr  and  Xe  sputtered  films.  This  trend  did  not 
correlate  with  giant  MR  (GMR)  measurements  as  the  Xe  sputtered  films  had  the  lowest  GMR  value 
of  the  three.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)82808-9] 


I.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  is  a  well  known  phe¬ 
nomenon  in  Co/Cu  multilayers  (MLs)1-3  with  A R/R  values 
as  high  as  65%  having  been  measured  at  room  temperature. 
Thus  far,  the  critical  condition  for  GMR  has  not  been  fully 
clarified,  although  it  is  clear  that  the  morphology  of  the  MLs 
plays  a  major  role  in  determining  the  degree  of  magnetore¬ 
sistance  present  and  some  recent  reports4""6  have  focused  on 
how  the  growth  mechanism  [molecular  beam  epitaxy,  epitax¬ 
ial  (111)  oriented  or  sputter-deposited  films]  affects  the  struc¬ 
ture  and  orientation  of  the  films  and  therefore  also  their 
GMR  value.  Since  a  critical  ingredient  in  the  theory  of  GMR 
in  MLs  is  spin-dependent  electron  scattering  at  the 
interfaces7  (as  well  as  in  the  bulk),  it  is  of  particular  interest 
to  what  extent  interfacial  roughness  is  important  in  determin¬ 
ing  the  GMR  value.  Recent  studies8,9  have  employed  a  vari¬ 
ety  of  analytical  techniques  to  investigate  this  property.  The 
ML  morphology  can  be  significantly  affected  by  sputtering 
conditions,  such  as  sputter  gas  and  pressure,  and  we  depos¬ 
ited  similar  Co/Cu  MLs  under  different  sputter  gas  environ¬ 
ments  (Ar,  Kr,  and  Xe).  A  previous  study 10  reported  upon  the 
initial  findings  and  x-ray  diffraction  (XRD)  measurements. 
Subsequently,  a  transmission  electron  microscopy  (TEM) 
study  was  undertaken  in  which  we  attempted  to  correlate  the 
measured  GMR  values  with  the  film  structures  (and  inter¬ 
faces)  observed.  Some  preliminary  domain  results  are  also 
presented,  although  space  does  not  allow  a  full  treatment  and 
this  will  be  covered  in  a  future  publication. 

II.  EXPERIMENT 

The  Co/Cu  multilayers  were  fabricated  by  conventional 
rf- sputter  deposition  onto  Si(100)  wafer  substrates  with  a  65 
A  Fe  buffer  layer.  The  composition  of  the  MLs  was  typically 
15X(14ACo+22A  Cu).  Using  a  nonmagnetic  spacer  layer 
at  the  second  peak  of  the  oscillatory  coupling  region  gave 
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reasonably  large  GMR  values  with  reproducible  results.11 
The  GMR  values  were  measured  by  a  dc  four  point  method 
and  the  MLs  were  characterized  magnetically  using  a 
vibrating- sample  magnetometer. 

Cross-sectional  specimens  suitable  for  TEM  observation 
were  prepared  by  the  standard  method  of  slicing,  polishing, 
dimpling,  and  finally  Ar  ion  milling.  For  planar  sections 
however,  specially  prepared  etched  Si  wafers  with  Si3N4 
“TEM  windows”12  were  used  as  the  substrate  and  allowed 
for  direct  observation  in  the  microscope.  The  MLs  on  TEM 
windows  were  deposited  at  the  same  time  as  those  on  the  Si 
wafers  to  ensure  that  they  had  similar  properties.  However 
small  differences  are  to  be  expected  due  to  the  different  sub¬ 
strates  used.  The  microscopes  used  during  this  study  were  a 
Philips  CM-30,  operated  with  an  accelerating  voltage  of  300 
kV  and  equipped  with  a  nonimmersion  Lorentz  “twin”  lens, 
and  a  JEOL  JEM  3010  high  resolution  electron  microscope 
(HREM),  also  operated  at  300  kV.  Typical  magnifications 
used  for  bright  field  imaging  were  500  000  X  and  selected 
area  electron  diffraction  patterns  allowed  any  orientation  re¬ 
lationships  and  texturing  to  be  observed. 

Lorentz  microscopy  was  carried  out  (on  the  CM-30)  at 
significantly  lower  magnifications  (typically  15  000X),  due 
to  the  position  of  the  twin  lens.  Small  magnetic  fields  were 
applied  using  the  objective  lens  itself.  The  Fresnel  (or  defo¬ 
cus)  mode  was  employed  as  this  is  easy  to  implement  in  a 
TEM  and  gives  a  clear  overview  of  the  domain  structure. 

III.  RESULTS  AND  DISCUSSION 

Ar-sputtered  Co/Cu  films  were  deposited  at  a  variety  of 
pressures.  The  maximum  GMR  ratio  was  achieved  at 
3.1X10-2  mbar  with  deposition  rates  of  1  and  2  A/s  for  Co 
and  Cu,  respectively.  The  deposition  rates  affect  the  film 
morphology  and  in  order  to  keep  both  constant  during  Kr 
and  Xe  deposition,  different  sputtering  pressures  were  used 
for  Kr  (2.2X1CT2  mbar)  and  Xe  (8.3X10-3  mbar).  For  this 
study  we  then  concentrated  on  the  film  which  gave  the  larg¬ 
est  GMR  value  for  each  sputter  gas:  16.5%  for  Ar,  23.5%  for 
Kr,  and  7.5%  for  Xe.  Good  reproducibility  was  achieved  for 
the  Ar  and  Kr  cases.  Poorer  reproducibility  was  achieved 
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FIG.  1.  M-H  loops  for  the  three  films  investigated.  Note,  differences  in 
saturation  values  are  due  to  slightly  different  Co  layer  thicknesses. 


with  the  Xe  films,  although  it  does  appear  that  the  maximum 
GMR  measured  when  sputtering  with  Xe  is  significantly 
lower  than  when  Ar  or  Kr  is  used.  Figure  1  presents  the 
M-H  loops  for  the  three  films  and  it  is  clear  from  the  shape 
of  the  loop  for  the  Kr-sputtered  film  that  it  displays  the  great¬ 
est  degree  of  antiferromagnetic  behavior  (Mr/Ms=  0.5). 

This  idea  is  reinforced  when  the  multilayered  structure 
of  the  films  was  observed  from  cross-sectional  TEM  images. 
These  are  presented  in  Fig.  2.  Due  to  the  similar  electron 
scattering  powers  of  Co  and  Cu,  it  is  necessary  to  defocus  the 
objective  lens  (typically  200  nm)  in  order  to  delineate  the 
interfaces.  For  each  film,  the  individual  Co  and  Cu  layers  can 
be  distinguished,  but  it  is  clear  that  differences  do  arise.  In 
particular,  the  layers  in  the  Ar-sputtered  film  appear  consid¬ 
erably  more  wavy  than  in  the  other  two  films  and  there  seem 
to  be  some  areas  where  the  layer  thickness  is  not  constant. 
This  could  lead  to  areas  where  the  antiferromagnetic  (AF) 
coupling  is  not  complete  and  the  ML  behaves  ferromagneti- 
cally.  In  contrast  the  Kr-  and  Xe-sputtered  layers  lie  almost 
perfectly  parallel  to  the  substrate  surface  and  only  a  small 
amount  of  waviness  is  apparent  in  the  Xe  case  close  to  the 
film  surface.  In  all  films  however,  large  grains  extending 
throughout  the  total  thickness  of  the  multilayer  were  ob¬ 
served.  Such  grains  had  dimensions  of  —20  nm.  Planar  im¬ 
ages  (Fig.  3)  showed  similar  differences.  Average  grain  sizes 
of  20,  15,  and  10  nm  were  measured  for  the  Ar,  Kr,  and  Xe 
films,  respectively.  In  conjunction  with  the  decrease  in  grain 
size,  a  less  distinct  grain  structure  was  observed  in  the  Kr 
and  especially  the  Xe  sputtered  case.  The  reduction  in  crystal 
size  is  probably  associated  with  heavier  Kr  and  Xe  neutral 
atoms  and  the  subsequent  flatter  interfaces  as  observed  in 
Figs.  2(b)  and  2(c).  However  little  or  no  differences  were 
observed  from  the  planar  diffraction  patterns:  same  lattice 
constant  (3.60  A)  measured  with  only  a  slight  degree  of  tex¬ 
turing  observed  in  the  Xe-sputtered  film.  HREM  images  (not 
shown)  of  the  ML,  indicate  a  highly  disordered  structure 
with  little  or  no  orientation  relationship  with  respect  to  the 
substrate.  Large  amorphous  areas  (near  the  surface  of  the 
ML)  as  well  as  differently  oriented  neighboring  grains  were 
present.  It  should  be  noted  however  that  lattice  fringes  in 


FIG.  2.  Cross-sectional  TEM  images  of  the  Ar  (a),  Kr  (b),  and  Xe  (c) 
sputtered  MLs. 


these  grains  extend  through  many  Co  and  Cu  layers  undis¬ 
turbed.  This  disorder  may  have  an  effect  on  the  degree  of 
GMR  found  in  these  films  by  increasing  the  number  of  spin 
dependent  scattering  centers. 


FIG.  3.  Planar  TEM  images  of  the  Ar  (a),  Kr  (b),  and  Xe  (c)  sputtered  MLs. 
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FIG.  4.  Domain  (Fresnel)  images  of  the  Kr-sputtered  ML  in  the  ac- 
demagnetized  state  (a)  and  with  small  fields  applied  (b)-(d). 

These  results  appear  to  be  in  agreement  with  the  earlier 
XRD  experiments  which  indicated  that  well  oriented  films 
were  not  required  for  large  GMR  values  and  which  revealed 
a  tendency  to  more  amorphous  behavior  with  heavier  sput¬ 
tering  gas.  To  investigate  the  lower  GMR  ratio  for  the  Xe- 
sputtered  film  we  carried  out  resistance  measurements  on  a 
Co  film  grown  under  similar  conditions.  This  revealed  con¬ 
siderably  higher  resistivity  compared  to  Co  films  grown  in 
Ar  and  Kr.  We  have  attributed  this  high  value  to  the  presence 
of  Xe  in  the  film  and  thus  it  is  also  likely  that  Xe  is  present 
in  the  ML.  This  would  lead  to  much  lower  mobility  of  the 
atoms  and  could  contribute  to  the  amorphouslike  structure  in 
Fig.  3(c).  It  is  also  probable  that  this  larger  resistivity  could 
lead  to  a  larger  number  of  spin  independent  scatterings 
which  would  have  the  effect  of  diminishing  the  GMR  ratio. 

With  regards  to  the  domain  structures  that  these  MLs 
support,  very  little  qualitative  differences  were  observed. 
Figure  4  presents  Fresnel  images  of  the  Kr-sputtered  film  in 
an  ac-demagnetized  state  and  as  magnetic  fields  were  ap¬ 
plied.  We  will  concentrate  on  this  film,  but  the  discussion 
pertains  equally  well  to  the  Ar  and  Xe  sputtered  films.  A 
small  (submicron)  complex  in-plane  structure  is  observed 
with  magnetization  ripple  present  in  the  domain  interiors. 
The  most  interesting  effects  were  viewed  when  small  mag¬ 
netic  fields  were  applied  to  the  film.  To  do  this  the  film  was 
tilted  so  that  it  experienced  a  small  degree  of  the  vertical 
remanent  field  from  the  objective  lens  (<20  Oe).  Thus  only 


very  small  fields  were  required  for  nucleation  or  domain  wall 
motion.  The  walls  moved  with  great  ease,  thus  changing  the 
domain  dimensions.  However,  the  general  shape  of  the  do¬ 
mains  remained  constant  implying  that  there  were  a  great 
deal  of  pinning  points  available  in  the  ML.  Also  of  interest  is 
the  360°  wall  nucleated  in  Fig.  4(c).  When  the  film  was 
finally  saturated  (not  shown)  only  ripple  remained.  It  should 
be  noted  that  some  of  the  domain  contrast  does  arise  from 
the  Fe  buffer  layer.  A  future  publication  dealing,  in  more 
detail,  with  the  domains  will  investigate  MLs  deposited  on 
other  (or  no)  buffer  layers. 

IV.  CONCLUSIONS 

We  have  grown  a  series  of  Co/Cu  ML  films  with  differ¬ 
ent  sputter  gases.  In  general,  good  reproducibility  was  at¬ 
tained,  although  still  some  more  work  is  required  to  find  the 
optimum  Xe  sputtering  conditions.  All  films  are  polycrystal- 
line  with  small  grains  (10-20  nm)  although  the  Xe  case  has 
a  significantly  less  distinct  crystal  structure  which  may  be 
explained  by  the  presence  of  Xe  in  the  film.  We  have  ob¬ 
served  that  deposition  in  a  Kr  environment  leads  to  flatter 
layers  with  better  AF  coupling  and  a  larger  GMR  ratio  with 
respect  to  Ar-sputtered  MLs.  Despite  comparable  layer 
smoothness,  interfacial  sharpness  and  lattice  constant  in  the 
Xe-sputtered  film,  it  has  significantly  diminished  AF  cou¬ 
pling  and  GMR  and  we  are  currently  involved  in  further 
research  to  determine  the  cause  of  these  differences. 
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Giant  thermopower  in  3D-magnetic  multilayers.  Structural  and  electron 
band  effects  (abstract) 
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We  report  measurements  of  the  thermoelectric  power  (S)  and  electrical  resistivity  (p)  in  sputtered 
multilayers  of  M(10  A)/Au25Cu75(r)  (with  M=Co  or  Ni)  directly  grown  on  Si  (100),  and  in  UHV— 
evaporated  Pt  20  A/Ni(x)  multilayers  grown  on  Si(lll).  The  multilayers  have  thicknesses  r=21  A, 

23  A,  and  *=19.5  A,  39  A,  and  the  data  spans  the  temperature  range  10-300  K.  All  the  samples 
exhibit  an  anomalous  thermopower  at  high  temperatures,  with  a  huge  maximum  in  S  and  a  sharp 
peak  in  the  temperature  derivative  dSIdT  at  a  characteristic  temperature  7*,  e.g.,  —190  K  for  Ni/Pt 
and  —260  K  for  M/Au25Cu75  multilayers.  In  all  cases  the  thermopower  decreases  abruptly  at  7*, 
from  a  giant  positive  value  (5^80  ^tVK-1  in  Ni/Pt  and  5^12-50  /zYK  1  in  M/Au25Cu75)  to 
values  close  to  zero  below  7*.  The  electrical  resistivity  also  displays  an  anomaly  over  the  same 
temperature  range,  characterized  by  a  rapid  resistivity  enhancement  Ap— 1  pfl  cm  (within  AT  -60 
K)  when  T  decreases  below  7*.  This  produces  a  sharp  minimum  in  the  derivative  dp/dT  at  7*.  The 
shape  of  the  5(7 )  anomaly  is  remarkably  similar  in  all  cases  (mutatis  mutandis)  for  p(7),  suggesting 
a  general  underlying  physical  mechanism.  We  found  that  a  suitable  buffer  (e.g.,  100  A  Pt  in  Ni/Pt, 

Fe50  A  in  Co/Au25Cu75  and  50  A  in  Ni/Au25Cu75)  suppresses  the  anomalies,  indicating  a 
structural-related  underlying  effect.  In  this  case,  S  values  are  small  and  negative  (as  occurs  with  Ni 
and  Co),  exhibiting  the  usual  smooth  variation  over  the  whole  temperature  range.  At  this  stage,  it  is 
not  clear  what  is  the  precise  physical  mechanism  responsible  for  the  observed  anomalies.  Interfacial 
atomic  mixing  in  the  nonbuffered  multilayers  may  cause  individual  magnetic  atoms  or  clusters  to 
have  entirely  nonmagnetic  environments  (Au,  Cu,  or  Pt  in  our  samples).  This  situation  could  give 
an  anomalous  transport  contribution,  through  conduction  electron  scattering  at  virtual  bound  states 
(VBS)  localized  in  the  (3-D)  magnetic  atoms.  A  sharp  peak  occurs  in  the  local  density  of  states, 

N(E)9  at  a  characteristic  energy  EL .  A  giant  thermopower  may  result  when  the  Fermi  level  is  close 
to  El  (S^dNIdE;  very  large).  The  VBS  model  successfully  explains  large  S  values  observed  in 
bulk  noble  metals  diluted  with  3-D  magnetic  impurities  such  as  Co  and  Ni.1  However,  the  standard 
treatment  does  not  lead  to  a  sharp  cutoff-temperature,  below  which  5(7)  gets  negligible.  Another 
contribution  is  the  usual  s-d  electron  transition  mediated  by  phonon  scattering.  This  leads  to  a 
thermopower  proportional  to  the  energy  derivative  of  the  splitted  ferromagnetic  3D  band  density  of 
states  at  EF ,  which  can  be  very  large  when  sub-band  filling  is  almost  complete.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)61308-7] 
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Co-Ag  granular  films  are  prepared  by  molecular-beam  epitaxy  to  enable  a  detailed  structural  study 
to  be  conducted  in  conjunction  with  magnetotransport  properties.  It  is  demonstrated  that  the  shape, 
size,  location,  and  segregation  of  the  magnetic  Co  grains  and  the  morphology  of  the  surface  depend 
on  the  growth  temperature.  Detailed  transmission  electron  microscopy  reveals  inherent  differences 
between  samples  prepared  at  room  temperature  and  those  prepared  at  high  temperature.  Small 
clusters  of  only  a  few  atoms  are  found  to  be  present  in  the  matrix  of  the  low-temperature  samples 
significantly  affecting  the  spin  diffusion  length.  Well-crystallized  regions  of  both  Co  and  Ag  are 
found  in  the  high-temperature  samples,  however,  the  Co  grains  remain  relatively  small  in  size  even 
at  the  highest  growth  temperatures.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)55808-2] 


I.  INTRODUCTION  AND  EXPERIMENTAL  DETAILS 

Giant  magnetoresistance  (GMR)  is  caused  by  the  change 
in  spin-dependent  scattering  in  a  composite  material  (either  a 
multilayered  film1  or  granular  material2)  when  the  relative 
orientation  of  the  magnetic  regions  is  changed  by  the  appli¬ 
cation  of  a  magnetic  field.  Both  the  magnitude  and  field  de¬ 
pendence  of  the  observed  GMR  in  heterogeneous  alloys  is 
strongly  affected  by  the  structure  of  the  films.  The  magneti¬ 
zation  process  of  the  ferromagnetic  regions  is  controlled  by 
their  shape  and  crystal  anisotropy.  In  addition  to  the  total 
resistivity  of  the  material  being  affected  by  structural  defects 
and  grain  size,  the  spin  diffusion  length  in  the  paramagnetic 
matrix  is  greatly  reduced  by  any  magnetic  impurities 
present3  as  well  as  the  particle  size  and  distribution  due  to 
the  jitterbug  spin  depolarization  mechanism.4  In  this  study 
the  GMR  films  were  prepared  by  molecular-beam  epitaxy 
(MBE)  in  order  to  complete  an  integrated  study  of  the  struc¬ 
ture,  magnetic  and  transport  properties.  We  investigate  the 
effect  that  growth  temperature  has  on  the  shape,  size,  loca¬ 
tion,  and  segregation  of  the  magnetic  Co  grains  and  the  mor¬ 
phology  of  the  surface. 

Co-Ag  films  were  coevaporated  by  MBE  at  three  differ¬ 
ent  growth  temperatures:  0  °C  (LT),  250  °C  (MT),  and 
450  °C  (HT).  A  Ru  buffer  layer  was  first  deposited  onto  the 
mica  substrates  at  700  °C,  followed  by  either  640  A  of 
Co-Ag  at  LT,  385  A  at  MT,  or  377  A  at  HT  and  then  a 
capping  layer  of  30  A  of  Ru.  A  wide  range  of  compositions 
was  prepared,  but  in  this  transmission  electron  microscope 
(TEM)  study  we  concentrate  on  a  single  composition  of  45 
at.  %  Co. 

The  structure  of  all  these  samples  has  been  extensively 
studied  by  a  wide  range  of  techniques  both  in  situ  by  reflec¬ 
tion  high-energy  electron  diffraction  (RHEED)  and  ex  situ  by 
x-ray  diffraction,  atomic  force  microscopy  (AFM),  and 
TEM.  The  RHEED  patterns  for  the  LT  samples  indicated  that 
some  degree  of  epitaxy  was  present  throughout  the  structure 
with  a  diffuse  single  crystal  pattern.  In  contrast  at  MT  and 


HT  two  separate  sharp  diffraction  patterns  were  observed 
simultaneously  indicating  a  far  greater  degree  of  segregation. 
The  results  of  these  measurements  and  their  magnetic  and 
transport  properties  can  be  found  in  previous  references.5,6 
Figure  1  shows  the  x-ray  0(20  scans  for  the  Co45Ag55 
samples  prepared  at  the  three  growth  temperatures.  The  Ag 


FIG.  1.  X-ray  6/20  scans  of  Co45Ag55  prepared  at  three  growth  tempera¬ 
tures.  The  unidentified  peaks  arise  from  the  mica  and  are  left  unindexed  for 
clarity. 
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peak  is  relatively  broad  and  less  intense  at  LT  and  its  position 
slightly  shifted  from  the  HT  and  MT  samples.  The  Co  peak 
is  not  visible  at  all  at  LT,  emerging  gradually  as  the  deposi¬ 
tion  temperature  and  segregation  improves.  However,  even  at 
HT  the  Co  peak  is  very  weak  and  quite  broad  which  may  be 
a  consequence  of  small  grains  of  Co.  This  is  consistent  with 
the  coexistence  of  high-quality  RHEED  patterns  for  HT 
Co,5,6  as  the  RHEED  coherence  length  is  50  A.  These  results 
show  the  importance  of  analyzing  the  samples  by  TEM  in 
order  to  quantify  the  grain  size  and  degree  of  segregation  for 
the  three  different  growth  temperatures.  Both  in-plane  and 
cross-section  TEM  studies  were  made  of  three  45  at.  %  Co 
samples  prepared  at  LT,  MT,  and  HT.  A  TEM  model  TOP- 
CON  002B  with  a  point-to-point  resolution  of  1.8  A  was 
used.  Energy-dispersive  x-ray  analysis  (ED AX)  with  a  probe 
area  of  50-100  A  fitted  to  the  TEM  enabled  composition 
analysis  in  different  regions  of  the  samples. 

II.  ELECTRON  MICROSCOPY 

In  general  the  medium-temperature  sample  had  a  struc¬ 
ture  intermediate  between  the  low-  and  high-temperature 
samples,  but  was  much  closer  to  the  HT  one.  The  MT  and 
HT  will  therefore  be  considered  together. 

A.  Low-temperature  sample 

Diffraction  patterns  observed  from  different  areas  of  the 
sample  indicated  that  there  were  two  distinct  regions.  The 
first  is  region  (1),  where  there  is  some  segregation  between 
the  Ag  and  the  Co.  Here,  spots  related  to  the  fee  structure  of 
both  the  Co  and  Ag  are  visible  along  with  spots  deriving 
from  the  Ru  hep.  Note  that  the  Co  is  crystallized  in  its  meta¬ 
stable  fee  phase  at  low  temperature.  This  may  be  due  to  the 
reduced  mobility  of  the  Co  atoms  which  do  not  reach  their 
bulk  equilibrium  position.  The  resulting  strain  energy  can  be 
minimized  in  the  fee  phase.  Region  (2)  is  where  only  the  Ag 
fee  and  Ru  hep  spots  are  visible,  but  there  is  nothing  from 
the  Co  indicating  that  the  Co  is  still  well  dispersed.  From  the 
coherence  length  of  the  beam,  the  lack  of  any  regions  with 
Co  hep  structure  is  evidence  for  the  fact  that  there  are  no 
significant  areas  of  the  sample  with  this  structure. 

The  presence  of  a  high  degree  of  strain  and  many  areas 
of  dislocations  in  the  plan- view  micrographs  support  the  idea 
that  strain  is  responsible  for  the  stabilization  of  the  fee  Co. 
Two  distinct  regions  are  again  observed.  Region  (1)  is  clearly 
two  phase  with  inclusions  of  the  order  of  1 00  A  diameter  that 
ED  AX  showed  to  be  either  Co  rich  (greater  than  80%)  or  Ag 
rich.  In  some  cases,  as  shown  in  Fig.  2,  the  contrast  sur¬ 
rounding  an  inclusion  is  clear  evidence  of  the  presence  of 
strain,  while  in  other  cases  the  inclusions  are  surrounded  by 
a  ring  of  strain  relieving  dislocations.  On  close  examination 
it  can  be  seen  that  the  orientation  of  the  lattice  planes  within 
the  grains  is  the  same  as  in  the  matrix.  In  region  (2)  EDAX 
analysis  of  the  matrix  indicated  that  it  remained  a  mixture  of 
Co  and  Ag  with  an  average  composition  of  45  at.  %  Co.  A 
cross  section  of  a  region  of  the  matrix  is  shown  in  Fig.  3. 
There  is  a  large  scale-wavelike  contrast  caused  by  disloca¬ 
tions  perpendicular  to  the  well-oriented  (111)  planes  which 
we  do  not  believe  to  be  due  to  the  Moire  effect.  These  dis¬ 
locations  may  represent  a  composition  variation  and  their 


FIG.  2.  TEM  plan-view  micrograph  of  Co45Ag55  prepared  at  0  °C. 


arrangement  often  gives  the  form  of  cigar  shapes  with  aspect 
ratios  up  to  5:1.  The  atomic  arrangement  of  the  matrix  is 
observed  to  be  primarily  fee  although  on  careful  examination 
small  clusters  of  hep  structure  are  visible  as  indicated  in  the 
figure.  These  may  be  evidence  of  small  Co  hep  clusters  of 
order  20-30  A  diameter  although  it  is  estimated  that  these 
clusters  make  up  only  4%-8%  of  the  matrix  so  the  remain¬ 
ing  Co  must  be  in  the  fee  phase.  This  result  supports  previ¬ 
ous  x-ray  analysis  of  LT  samples  of  varying  composition 


FIG.  3.  TEM  cross  section  of  Co45Ag55  prepared  at  0  °C.  The  letters  repre¬ 
sent  lattice  planes  and  the  arrows  point  to  small  hep  clusters. 
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which  attributed  the  divergence  of  the  measured  Ag  lattice 
spacing  from  the  bulk  value  to  the  presence  of  up  to  8%  Co 
impurities  in  the  matrix.5,6 

B.  High-  and  medium-temperature  samples 

In  these  cases  clear  diffraction  spots  for  fee  Ag  and  hep 
Co  and  Ru  are  visible.  In  contrast  to  the  LT  sample  the  plan- 
view  micrographs  show  little  contrast  which  is  a  result  of  the 
improved  crystalline  quality  with  the  presence  of  fewer  dis¬ 
locations.  The  Co  is  now  stabilized  in  its  hep  phase  which  is 
related  to  the  reduced  amount  of  strain  in  the  sample. 

Cross-sectional  TEM  revealed  that  some  areas  of  the 
sample  consist  of  pure  Ag  throughout  the  thickness,  and  in 
other  regions  where  the  bulk  of  the  film  is  Co-Ag  there  is  a 
layer  of  pure  Co  adjacent  to  the  Ru  buffer  layer.  It  is  also 
apparent  that  the  thickness  of  the  Ag  regions  (150  A)  is  about 
half  those  of  the  Co-Ag  regions  (350  A).  Such  a  thickness 
variation  across  the  sample  was  also  noted  in  the  AFM 
scans.5,6  These  AFM  images  indicated  arrays  of  raised  areas 
150-200  A  high  with  flat  surfaces  about  5000  A  in  diameter 
separated  by  1000  A. 

Periodic  contract  in  the  CoAg  region  normal  to  the  film 
plane  was  also  observed.  This  may  derive  from  dislocations 
present  due  to  the  composition  and  hence  lattice  variation 
from  Co  to  Ag.  The  lattice  planes  do  not  follow  the  waves  of 
this  modulation  but  remain  well  oriented. 

The  high-crystalline  quality  of  the  HT  sample  can  be 
seen  in  Fig.  4.  Typically  there  is  a  very  clear  array  of  dislo¬ 
cations  between  the  Ru  buffer  and  a  region  of  pure  Co  (just 
out  of  view  of  the  photograph).  The  period  of  the  disloca¬ 
tions  contrast  (32  A=15  planes)  is  related  to  the  8%  mis¬ 
match  in  lattice  parameter  between  the  Co  and  Ru.  Above  the 
Co  region  there  is  a  second  array  of  dislocation  contrast 
(shown  in  the  figure),  but  in  this  case  the  period  is  reduced  to 
seven  atomic  planes.  These  upper  regions  contain  CoAg  and 
Ag  as  determined  by  EDAX.  Here  two  Co  and  Ag  regions 
are  separated  by  an  array  of  dislocations.  The  lattice  planes 
can  be  counted  on  either  side  of  the  dislocations  and  here 
there  is  a  ratio  of  seven  Co  atomic  planes  to  six  Ag  planes 
which  roughly  corresponds  to  the  expected  lattice  mismatch 
of  these  materials.  This  region  of  the  sample  is  therefore  well 
segregated,  but  into  relatively  small  areas  of  Co  and  Ag. 

III.  DISCUSSION 

Significant  differences  were  seen  between  the  LT  and 
elevated  temperature  samples.  At  LT  both  the  Ag  and  Co 
show  (111)  fee  structure  accompanied  by  strain  and  disloca¬ 
tions.  Cross  sections  reveal  a  homogeneous  structure  broken 
up  by  stacking  faults  with  small  clusters  (10-20  atoms)  of 
Co  in  a  hep  structure.  These  small  Co  impurities,  too  small  to 
be  observed  in  the  diffraction  patterns,  have  a  significant 
effect  on  the  spin  diffusion  length  reducing  the  GMR  as  dis¬ 
cussed  in  Refs.  5  and  6.  In  contrast  the  high- temperature 
samples  display  segregated  phases  of  fee  Ag  and  hep  Co 
with  little  evidence  of  any  strain.  In  addition,  cross  sections 
show  a  step  profile  regions  of  the  film  with  pure  Ag  and 


FIG.  4.  TEM  cross  section  of  Co45Ag55  prepared  at  450  °C. 


mixed  CoAg  regions  which  both  have  the  Ag  lattice  param¬ 
eter.  In  the  mixed  region,  there  is  evidence  of  small  pure  Co 
filaments  (23X10  A2)  with  the  Co  bulk  lattice  parameter. 
Surprisingly,  at  the  Ru/CoAg  interface  a  pure  Co  layer 
20-30  A  thick  was  found  separated  from  the  CoAg  by  an 
array  of  dislocations. 
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Spin-dependent  scattering  in  the  nonmagnetic  layers  of  annealed 
Co/Cu  multilayers 

H.  Laidler  and  B.  J.  Hickeya) 

Department  of  Physics,  The  University  of  Leeds,  Leeds,  LS2  9JT,  United  Kingdom 

Annealing  a  multilayer  is  expected  to  promote  diffusion  at  the  interfaces.  We  have  found  that  the 
interface  roughness  and  giant  magnetoresistance  of  Co/Cu  (111)  multilayers,  grown  by 
molecular-beam  epitaxy  on  sapphire  substrates,  remain  unchanged  during  anneals  of  up  to  320  °C 
despite  the  zero-field  resistivity  having  doubled.  We  explain  this  large  increase  in  resistivity  as  due 
to  the  formation  of  an  alloy  between  the  top  Cu  layer  of  the  multilayer  and  the  Au  protective  cap. 
We  propose  that  scattering  in  the  AuCu  alloy  is  spin  dependent.  We  discuss  this  idea  in  the  light  of 
mean  free  path  effects  and  the  density  of  states  of  the  entire  sample.  ©  1996  American  Institute  of 
Physics .  [S0021-8979(96)55908-9] 


The  origin  of  the  spin-dependent  scattering  which  is  the 
basis  of  the  giant  magnetoresistance  (GMR)  still  remains  a 
problem  both  theoretically1  and  experimentally.  In  particular, 
much  research  has  concentrated  on  the  role  of  interface 
roughness  in  magnetic  multilayers.  Recent  growth  studies  of 
Co/Cu  multilayers  by  Haip  et  al 2  and  Xu  et  al?  have  indi¬ 
cated  that  the  highest  GMR  occurs  in  samples  with  the  high¬ 
est  degree  of  structural  perfection.  Zhang  et  al 4  annealed 
sputtered  Co/Cu  multilayers  and  found  that  although  the 
GMR  decreased,  the  effect  on  the  interfaces  was  too  subtle  to 
be  deduced  from  the  low-angle  specular  x-ray  data.  Without 
identification  of  whether  the  interface  roughness  had 
changed,  it  was  difficult  to  deduce  conclusions  about  the  role 
of  interface  scattering. 

Measurement  of  the  buried  interfaces  in  a  multilayer  is 
difficult  and  we  have  previously  emphasized5,6  the  extreme 
care  needed  in  interpreting  x-ray  data,  the  most  widely  used 
technique  for  analyzing  structural  changes.  Systematic 
changes  in  low-angle  specular  x-ray  scattering,  which  have 
been  reported  by  other  investigators  as  being'  interface 
roughness  changes,  could  be  explained  by  changes  taking 
place  in  the  capping  and  buffer  layers.  They  can  cause  phase 
shifts  in  the  x-ray  waves  resulting  in  changes  to  the  Bragg 
peak  height.  Interface  roughness  can  only  be  reliably  deter¬ 
mined  from  diffuse  x-ray  scattering.  We  have  already 
reported5  that  the  annealing  of  the  Co/Cu  multilayers  dis¬ 
cussed  here  caused  no  change  in  interface  roughness.  In  this 
article  we  present  a  discussion  of  the  role  that  the  metallur¬ 
gical  changes  in  the  capping  layer  play  in  the  spin-dependent 
scattering. 

The  (Co  11  A/Cu  8  A)20  multilayer  was  grown  by 
molecular-beam  epitaxy  (MBE)  onto  a  sapphire  substrate  us¬ 
ing  buffer  layers  of  Nb  (60  A)  and  Cu  (30  A)  to  obtain 
high-quality  growth.  A  40  A  Au  cap  was  laid  to  prevent  the 
top  layer  of  Cu  from  oxidizing.  The  sample  was  cut  into 
identical  pieces,  checked  first  for  uniformity  by  resistivity 
and  x-ray  measurements,  and  each  annealed  in  a  stream  of 
oxygen-free  nitrogen  for  45  min  at  200,  260,  290,  and 
320  °C,  respectively,  while  a  fifth  was  left  unannealed.  Fur¬ 
ther  details  of  the  growth,  x-ray,  and  magnetotransport  mea- 
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surements  have  been  reported  elsewhere.5  Room-temperature 
magneto-optical  Kerr  effect  (MOKE)  measurements  were 
made  on  all  samples  in  fields  up  to  2  T. 

The  resistivity  measurements  performed  at  4.2  K  are 
shown  in  Table  I.  Although  ps ,  the  saturation  field  resistivity, 
more  than  doubled  for  the  highest  annealing  treatment,  A p 
scales  with  it  resulting  in  little  change  to  the  GMR.  The 
saturation  field  also  remained  unchanged  for  each  sample  at 
4  T.  Figure  1  shows  the  longitudinal  MOKE  curves  for  the 
unannealed  and  320  °C  samples.  There  is  no  evidence  of  any 
change  in  magnetization  which  is  consistent  with  no  change 
in  the  GMR. 

Extensive  x-ray  measurements  have  been  made  on  these 
samples  using  synchrotron  radiation  and  have  been  reported 
elsewhere.5  They  have  shown  that  there  is  no  evidence  of 
any  changes  in  roughness  of  the  Co/Cu  interfaces.  Thomson, 
Riedi,  and  Hickey7  have  performed  nuclear-magnetic- 
resonance  (NMR)  measurements  on  these  samples  and  have 
found  that  although  there  is  evidence  of  a  small  relaxation  of 
the  strain  in  the  interior  of  the  Co  layers,  there  is  very  little 
change  to  the  interfaces.  Also  the  x-ray  rocking  curves 
through  the  high-angle  Co/Cu(lll)  peak  show  no  discernible 
differences  between  any  of  the  samples,  which  can  be  seen  in 
Fig.  2. 

The  low-angle  x-ray  measurements  did  indicate  that  the 
surface  electron  density  had  increased,  not  possible  from  oxi¬ 
dation  but  true  if  the  Au  cap  had  alloyed  with  the  top  Cu 
layer.  Figure  3(a)  provides  further  evidence  of  this.  There  are 
significant  changes  to  the  shape  of  the  high-angle  6-26  x-ray 
scans  between  the  sapphire  and  the  Co/Cu  peak.  Simulations 
of  the  data  have  shown  that  this  region  depends  sensitively 
on  the  thicknesses  of  the  Nb  and  Cu  buffers  and  Au  capping 
layers.  The  main  change  on  annealing  is  the  disappearance  of 


TABLE  I.  Resistivity  measurements  of  the  annealed  multilayer  at  4.2  K. 


Annealing  treatment 

ps  (pD  cm) 

Ap  Gun  cm) 

GMR  (%) 

Unannealed 

8.2 

3.0 

37 

200  °C 

9.0 

3.4 

38 

260  °C 

12.0 

4.4 

37 

290  °C 

14.4 

4.7 

33 

320  °C 

18.6 

5.8 

31 
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FIG.  1.  Room-temperature  longitudinal  MOKE  curves  for  the  unannealed 
and  320  °C  samples  showing  that  the  magnetization  is  unchanged. 

the  dip  at  41°  and  the  appearance  of  a  peak  in  its  place.  The 
peak  at  41°  corresponds  to  the  lattice  constant  for  a 
Au35Cu65  alloy8  and  the  equilibrium  phase  diagram  for  the 
Cu- Au  system9  suggests  that  an  alloy  of  between  30  and  40 
at.  %  of  gold  in  copper  was  in  fact  the  most  likely  to  form  at 
the  annealing  temperatures  used.  The  peak  could  only  be 
reproduced  in  this  position  by  a  simulation  of  the  multilayer 
which  replaced  the  top  Cu  and  Au  layer  with  a  Au35Cu65 
alloy. 

In  order  to  test  the  argument  that  an  alloy  had  formed,  a 
further  sample  was  grown  with  an  extra  layer  of  Co  between 
the  multilayer  and  the  Au  cap  to  prevent  the  Cu  and  Au 
alloying.  The  phase  diagram  for  Co  and  Au  shows  that  these 
elements  are  largely  immiscible  and  there  is  no  stable  alloy. 
This  sample  was  annealed  at  320  °C  as  before  and  the  high- 
angle  x-ray  scans  are  shown  in  Fig.  3(b).  There  is  very  little 
difference  between  the  two  scans,  which  reinforces  the  argu¬ 
ment  that  the  changes  occurring  in  Fig.  3(a)  were  due  to  a 
CuAu  alloy  forming. 

The  conclusion  that  very  little  had  happened  to  the 
Co/Cu  interfaces  means  that  these  are  unusual  results  com¬ 
pared  to  many  annealing  experiments  and  highlight  the  im¬ 
portance  of  choice  of  substrate,  using  buffer  layers  which  are 
immiscible  in  the  multilayer  and  using  nonoxidizing  caps. 


m  /degrees 

FIG.  2.  Rocking  curves  performed  on  all  samples  through  the  high-angle 
Co/Cu(lll)  peak  showing  that  there  is  no  change  upon  annealing. 


40  44  48 

2(6)  /degrees 


FIG.  3.  High-angle  6-26  x-ray  scans  of  (a)  Al203/Nb  60/Cu  30/ 
(Co  11  Cu  8]20/Au  40  and  (b)  Al203/Nb  30/Cu  30/(Co  15  Cu  8]20/Au  15 
multilayers  (thicknesses  in  A)  before  and  after  annealing  at  320  °C.  The 
shape  of  the  region  between  the  sapphire  and  Co/Cu  peak  is  due  to  the  Nb 
and  Cu  buffers  and  the  Au  cap.  Scans  are  offset  for  clarity. 

Additional  weight  to  the  argument  comes  from  the  magne- 
tometry  and  transport;  there  was  no  observed  change  in  the 
MOKE  curves  and  the  GMR  was  virtually  unchanged.  This 
experiment  demonstrates  that  with  careful  planning  a  GMR 
system  can  be  designed  which  is  impervious  to  annealing  up 
to  temperatures  in  excess  of  300  °C. 

It  may  seem  surprising  that  the  alloying  of  the  capping 
layer  which  comprises  just  20%  of  the  sample  could  cause 
such  a  large  increase  in  resistivity.  We  have  observed  that 
both  p(0)  and  p(Bs)  increase  in  proportion  such  that  the 
GMR  remains  much  the  same  for  different  annealing  condi¬ 
tions.  We  know  that  in  samples  such  as  these  the  shorter  of 
the  two  mean  free  paths  is  about  400  A,10  which  is  compa¬ 
rable  with  the  thickness  of  the  sample.  Normally  capping  and 
buffer  layers  are  considered  as  low-resistance  layers  which 
act  as  shunts  for  the  current  through  the  sample  and  thereby 
reduce  the  GMR.  This  interpretation  applies  when  the  mean 
free  path  is  sufficiently  short  so  that  the  layers  can  be  re¬ 
garded  as  resistors  acting  in  parallel.11  When  the  mean  free 
path  is  long,  as  in  this  case,  the  layers  effectively  act  as 
resistors  in  series. 

Now  it  can  be  understood  why  the  cap,  which  forms 
only  a  small  part  of  the  total  sample,  can  have  a  large  effect 
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TABLE  II.  Comparison  of  the  resistivity  at  300  K  and  the  GMR  at  4.2  K  for 
the  two  multilayers  described  in  Fig.  3. 


p0  (300  K cm 

GMR  %  (4  K) 

Cu/Au  cap  unannealed 

19.3 

35 

320  °C 

35.7 

31 

Co/Au  cap  unannealed 

18.8 

36 

320  °C 

21.9 

33 

on  the  sample  resistivity.  Previous  work  on  CuAu  alloys12 
have  found  that  an  increase  of  0.3  fjXl  cm  at.  %  of  Au  in  Cu 
is  seen.  This  indicates  that  an  increase  of  approximately  10 
/utfl  cm  would  be  expected.  Table  II  summarizes  the  magne¬ 
totransport  measurements  of  the  original  annealed  sample 
and  the  Co/Au  cap  sample  before  and  after  annealing  at 
320  °C.  Comparison  of  the  changes  in  resistivity  upon  an¬ 
nealing  in  each  sample  is  consistent  with  the  rise  expected 
for  formation  of  the  alloy  if  the  layers  act  as  resistors  in 
series. 

Within  the  two-current  model  we  can  find  simple  expres¬ 
sions  for  p(0),  p(Bs ),  and  the  GMR  in  terms  of  the  resistivity 
of  the  separate  spin  channels  (p+  for  the  up  spin  and  p_  for 
the  down  spin)  and  the  asymmetry  parameter  a  =  p_/p+  , 

P(0)=  —^(l  +  a), 

a 


A  p  (1  —  a)2 

p  4a 

The  GMR  does  not  change  therefore  the  scattering  in  the  cap 
must  be  spin  dependent.  If  the  additional  scattering  were  spin 
independent,  the  GMR  should  decrease.  The  additional  resis¬ 
tance  due  to  the  alloyed  cap  is  added  to  the  resistance  of  each 
spin  channel  as  a  factor  which  multiplies  p+  and  p_  .  In 
other  words,  the  individual  scattering  rates  have  increased  by 
the  same  proportion.  The  density  of  final  states,  even  for 
scattering  in  the  cap,  is  asymmetric  with  respect  to  spin  be¬ 


cause  it  is  the  density  of  states  of  the  whole  sample  which 
must  be  considered.  The  scattering  in  the  cap  is  therefore 
spin  dependent  because  it  is  determined  by  the  density  of 
available  states.  The  increase  in  the  zero-field  and  saturated- 
field  resistivities  is  explained  by  the  increase  in  p+  and  the 
constant  GMR  is  a  result  of  a  constant  a.  This  idea  is  borne 
out  by  the  data  in  Table  I  where  increases  in  resistivity  after 
annealing  are  in  the  same  proportion  for  both  p(0)  and 
P(BS). 

The  clear  conclusion  from  the  annealing  experiments  we 
have  performed  is  that  the  interface  roughness  of  Co/Cu  mul¬ 
tilayers  does  not  change  significantly  despite  very  large 
changes  being  observed  in  the  zero-  and  high-field  resistivi¬ 
ties.  Provided  the  multilayer  is  not  destroyed  by  excessive 
annealing,  the  GMR  is  resistance  to  the  changes  in  resistivity 
and  it  would  seem  that  where  large  changes  are  observed, 
they  are  likely  to  be  associated  with  changes  in  other  layers 
rather  than  the  Co/Cu  itself. 
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Interfacial  roughness  of  Fe-Cr  GMR  superlattices  (abstract) 
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Fe-Cr  superlattices  exhibit  giant  magnetoresistance  effect  which  can  be  utilized  in  magnetic 
recording  heads.  There  are  many  studies  indicating  the  role  of  the  interfacial  structure  on  the 
magnetoresistance  effect.  To  elucidate  this  point  we  have  performed  x-ray  diffraction  study  of  three 
[Fe(30  A)/Cr(12  A)]10  superlattices  which  had  been  sputtered  in  4,  7,  and  10  mTorr  of  Ar.  We  used 
position  sensitive  detector  in  horizontal  setup  to  collect  simultaneously  specular  scattering  intensity 
(. z  component  of  the  scattering  vector  Q  perpendicular  to  the  film)  and  off-specular  intensity  with 
Qy  parallel  to  the  plane  of  the  sample.  This  technique1  allows  to  evaluate  interfacial  roughness  at 
various  length  scales.  Short  range  roughness  may  be  due  to  interdiffusion,  while  some  medium 
range  roughness  is  also  present,  and  could  have  effects  on  transport  phenomena.  In  conventional  low 
angle  diffraction  analysis  these  contributions  are  intermixed.  From  the  Fourier  transform  of  the 
scattered  intensity  distribution  in  Qx-  Qy  plane  the  interfacial  height  fluctuation  function  g(r)  can 
be  obtained  (r  is  a  lateral  spacing).  Figure  1  presents  g(r)  obtained  for  three  samples  of  Fe-Cr.  It 
is  apparent  that  4  mTorr  sample  is  very  different  than  7  and  10  mTorr  in  terms  of  interfacial 
roughness.  We  will  discuss  in  detail  results  of  the  diffraction  studies  together  with  the  magnetization 
and  magnetotransport  data.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)6 1408-0] 
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Giant  magnetoresistance  in  evaporated  NiFe/Cu  and  NiFeCo/Cu  multilayers 
(abstract) 
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The  magnetic  and  transport  properties  of  electron  beam  evaporated  (Ni83Fen/Cu)10  and 
(Ni66Fe16Co18/Cu)10  multilayers  (ML)  were  studied  as  a  function  of  the  Cu  spacer  and  magnetic 
layer  thicknesses  (fCu  and  tNiFe),  annealing  conditions  and  Ta  buffer  layer  thickness.  The  ML  were 
evaporated  in  a  magnetic  field  at  deposition  rates  ~  2  A/s  and  background  pressure  <5X  1(T8  mbar 
on  Si/Si02  substrates  at  7, =200  °C.  These  ML  exhibited  two  unique  features:  (1)  &R/R  and  the 
interlayer  coupling  did  not  show  oscillatory  behavior  as  a  function  of  tCu ;  and  (2)  after  magnetic 
post  annealing,  A R/R  increased  from  <0.3%  in  the  as-deposited  state,  to  up  to  ~6%  and  7%  in 
Ta/(NiFe/Cu)  and  (NiFeCo/Cu),  respectively.  The  coupling  between  the  NiFe  layers  changed  from 
ferromagnetic  in  the  as-deposited  state  (Mr/Ms~ 0.9)  to  essentially  antiferromagnetic  ( Mr/Ms 
<0.2)  after  appropriate  annealing,  and  the  ML  became  virtually  isotropic  in-plane.  This  is  quite 
different  from  strong  oscillatory  behavior  of  giant  magnetoresistance  (GMR)  previously  reported  in 
(NiFe/Cu)  as-deposited  ML  made  by  ion-beam  sputtering.1  After  annealing  at  300°  and  325  °C  for 
2  h,  the  A  R/R  became  -4.5%  and  -6.5%  in  (NiFe/Cu)  and  (NiFeCo/Cu)  ML,  respectively,  and 
remained  approximately  constant  for  rCu=20  to  40  A.  The  coupling  field  generally  decreased  with 
an  increase  in  /Cu  and  fNiFe  and  after  annealing  at  300  °C  dropped  to  as  low  as  —25  and  45  Oe  in 
(NiFe/Cu)  and  (NiFeCo/Cu)  ML,  respectively.  The  A  R/R  of  Ta/(NiFe/Cu)  ML  increased  with  the 
thickness  of  Ta  buffer  layer  from  30  to  70  A.  The  high-angle  8-28  x-ray  scans  of  (NiFe/Cu)  ML 
showed  (111)  texture,  essentially  independent  of  annealing  temperature.  The  low-angle  x-ray 
diffraction  did  not  reveal  roughening  of  the  Cu-NiFe  interfaces  as  a  result  of  annealing.  In  many 
respects  the  GMR  behavior  of  these  ML  is  similar  to  that  reported  in  sputtered  “discontinuous” 

NiFe/Ag.2  However,  in  contrast  to  the  latter,  the  resistivity  of  NiFe/Cu  monotonically  increases  with 
annealing  temperature.  This  suggests  that  lattice  interdiffusion  is  more  prominent  in  the  NiFe-Cu 
system,  consistent  with  a  greater  equilibrium  solubility  of  Cu  in  the  NiFe  matrix  compared  to 
that  of  Ag.  It  is  believed  that  Cu  diffusion  along  the  NiFe  grain  boundaries  creates  intra- layer 
magnetic  discontinuity  in  NiFe  and  promotes  inter- layer  antiferromagnetic  coupling  between 
adjacent  NiFe  layers,  which  then  gives  rise  to  the  observed  GMR.3  Evaporated  NiFe/Cu 
ML  showed  very  small  hysteresis  and  uniform  GMR  properties  throughout  the  thickness,  which 
makes  them  good  candidates  for  GMR-DMR  heads.4  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)61508-X] 
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Based  on  a  semiclassical  model,  the  transport  properties  in  systems  of  cylindrical  or  spherical 
magnetic  granules  are  investigated  analytically.  It  is  shown  that  the  conductivities  as  well  as  the 
magnetoresistance  of  these  systems  depend  strongly  on  the  size  of  the  granules.  In  particular,  there 
is  always  an  optimum  granular  size  for  the  magnetoresistance.  ©  1996  American  Institute  of 
Physics .  [S0021-8979(96)79808-0] 


Recently,  there  has  been  much  interest  in  the  study  of 
giant  magnetoresistance  (GMR)  in  magnetic  inhomogeneous 
systems1-7  both  experimentally  and  theoretically.  For 
multilayer  structures,  almost  all  the  low-temperature  features 
of  GMR  could  be  understood  by  semiclassical  models8-12  or 
quantum  theories13-15  by  including  spin-dependent  interface 
scattering  and  bulk  scattering.  Previous  theoretical 
investigations5,16  on  the  GMR  in  granular  systems  are  based 
on  the  assumption  that  transport  in  these  systems  is  quite 
close  to  that  in  multilayered  systems  with  current  perpen¬ 
dicular  to  the  layers.  However,  differing  from  those  in  mul¬ 
tilayered  structures,  both  the  distributions  of  the  electric  field 
and  currents  are  spatially  varied  in  these  three-dimensionally 
inhomogeneous  systems.  Therefore,  it  is  valuable  and  inter¬ 
esting  to  develop  a  theory  which  includes  spatial  variations 
in  the  electric  field  and  in  the  currents. 

In  this  article,  we  present  a  semiclassical  description  of 
the  GMR  in  magnetic  granular  systems,  in  which  the  spatial 
variations  of  the  electric  fields  and  the  currents  are  consid¬ 
ered.  A  new  formalism  of  the  position-dependent  current  is 
developed.  In  particular,  analytical  expressions  for  the  resis¬ 
tivity  are  obtained.  We  focus  our  attention  on  systems  of 
cylindrical  magnetic  granules.  We  find  that  both  the  GMR 
and  the  resistivities  depend  strongly  on  the  granular  sizes  and 
that  there  is  always  an  optimum  granular  size  for  the  GMR. 

Let  us  consider  a  general  inhomogeneous  system  in 
which  charge  carriers  are  scattered  by  impurities  and  rough 
interfaces.  For  convenience,  we  do  not  include  the  spin  de¬ 
grees  of  freedom  for  a  while.  In  the  presence  of  an  external 
electric  field,  the  steady-state  transport  properties  in  this  sys¬ 
tem  can  be  described  by  the  following  effective  Boltzmann 
equation:17 


tion  /  from  the  equilibrium  distribution  /0,  which  satisfies 
the  relation  / = /0 + g  ( df0l  d  e) .  Since  interface  scattering  is 
also  considered  as  impurity  scattering  in  thin  mixing  films,14 
the  entire  scattering  effect  is  included  in  the  position- 
dependent  relaxation  time  r(r).  Eeff(r)  is  the  effective  inter¬ 
nal  field  to  be  determined  from  the  continuity  condition  of 
the  current. 

In  general,  the  position-dependent  current  is  related  to 
the  electric-field  by  a  two-point  conductivity  tensor 
crap( r,r')>  such  that 

Ja( r)  =  |  d3r' o‘ap(r,r')Eep(r'),  (2) 

where  the  summation  is  indicated  by  two  same  coordinate 
labels.  By  using  the  path-integral  approach,12,14  we  solve  the 
Boltzmann  Eq.  (1)  and  obtain 

crap(r,r')  =  Cer0ar0fl<i>(r,r'),  (3) 

with 


<F(r,r') 


1 

47r|r-r' 


2  exp 


(4) 


Ce  =  3nee2l2mv F ,  ?0=(r-r')/|r-r'|,  and  \(r)=uFr(r).  The 
integral  in  Eq.  (4)  is  along  the  straight  line  connecting  the 
points  r  and  r',  and  du  is  the  element  of  line  at  the  point  r". 
The  effective  field  Eeff,  determined  by  combining  Eq.  (2) 
with  the  continuity  condition  for  the  current,  is  found  to  be17 

Eeff=Eex_V^  (5) 

where  fi  =  GD  pE™  with 

G  =  (l-d>A)_1=l  +  <FA+«--  ,  (6) 


v-Vg  +  g/r=<?v*Eeff,  (1) 

where  r  is  the  position-dependent  relaxation  time  and  g  is  a 
function  characterizing  the  deviation  of  the  distribution  func¬ 


Z)a(r,rO=r0a$(r,r'),  and  A(r,r0  =  3(r-r')/X(r).  Here,  GDp 
represents  the  integral  / dr"G(r,rrf)D p(rf,,rf).  The  constant 
Eex  in  the  above  expressions  is  actually  the  external  field, 
since 
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Eex=(Eeff),  (7) 

where  (•)  means  taking  the  average  over  the  whole  system. 

Now  let  us  turn  to  investigate  transport  in  granular  sys¬ 
tems  within  the  framework  of  a  mean-field  treatment.  We 
consider  the  Np -particle  system  to  be  realized  by  adding  one 
particle  to  the  system  of  Np  —  1  particles.  The  effective  field 
in  the  system  of  Np  - 1  particles  is  written  as  Ebc,  which  is 
essentially  the  sum  of  the  applied  field  and  the  field  produced 
by  the  accumulated  charge  on  the  Np~\  particles.  The 
A^-particle  problem  is  then  treated  approximately  as  that  of 
an  isolated  particle  in  the  background  field  Ebc.  The  above 
considerations  can  be  explicitly  represented  as 

Eeff  =  Ebc  —  V  ( G  j  £)  j  'pE^p) .  (8) 

A  Subscript  1  has  been  used  to  indicate  that  the  parameters 
are  associated  with  the  single-particle  case.  The  background 
field  Ebc  will  be  determined  from  the  boundary  condition  (7). 
Equation  (8)  is  highly  useful  for  us  to  determine  the  effective 
electric  field  in  the  Np -particle  system,  because  we  need  only 
to  solve  the  problem  of  an  isolated  particle  in  the  background 
electric  field.  We  wish  to  point  out  that  Eq.  (8)  is  appropriate 
only  in  the  small  region  near  the  central  particle.  Neverthe¬ 
less,  using  this  equation  in  the  region  of  every  particle,  we 
are  able  to  obtain  the  field  in  the  whole  system. 

To  obtain  the  average  conductivity  analytically,  we  now 
take  the  local  limit,  i.e., 

acap(r,r')  =  (r(r)dafi8(r-r'),  (9) 

where  a(r)=ne2k(r)/2mv F  .l8  Since  VXEeff=0,  it  is  conve- 
nient  to  define  an  effective  scalar  potential  by 

Eeff(r)  =  -  Vt/eff(r).  (10) 

We  consider  first  the  system  composed  of  parallel  ferromag¬ 
netic  cylinders  of  radius  a  in  a  nonmagnetic  medium.  The 
electric  field  is  assumed  to  be  applied  along  the  z  axis  and 
perpendicular  to  the  cylinders.  For  simplicity,  \(r)  is  taken  to 
be  the  constant  \0  in  the  medium,  kF  in  the  particles,  and  kj 
in  the  mixing  films,  respectively.  If  we  consider  all  granules 
to  be  identical  cylinders,  the  equation  of  continuity  for  the 
current  becomes  Poisson’s  equation  in  all  regions.  In  this 
case,  the  effective  potential  in  the  x-y  plane  has  the  form 

f  £bcp  +  D/p,  p>a  +  d 

£/eff(p,cp)  =  -sin(<p)j  ClP  +  C2/p,  a  +  d>p>a. 

i  EFp,  a>p 

(ID 

Here  Z),  C1?  C2,  and  EF  are  constants  to  be  determined  from 
the  continuity  of  the  scalar  potential  and  the  current  at  r  =  a 
and  r=a  +  d.  For  example,  the  electric  field  in  the  inside 
region  of  the  particles  EF  is  found  to  be  EF=yFEhc  with 
yF=2kQ/(k0  +  kF+k0kFRj/a).  We  have  assumed  that  d.  is 
much  less  than  a,  so  that;  only  the  ratio  R^d/kj  is  of  sig¬ 
nificance. 

Now,  we  need  to  calculate  the  average  of  the  effective 
electric  field.  We  emphasize  that  even  when  the  thickness 
goes  to  zero,  the  contribution  from  the  field  in  the  interlayer 
cannot  be  neglected.  In  terms  of  Eq.  (7),  we  obtain 

£ex=[0-/)+(rf+r/)/]£bc,  (12) 


FIG.  1.  (a)  Resistivity  pD  as  a  function  of  \<ja  and  (b)  percent  of  GMR 
A alo^  as  a  function  of  af\0  in  systems  of  cylindrical  granules  for  several 
spin-asymmetry  factors  N.  The  other  parameters  are  /= 0.3,  X]r=0.6\0  and 


where /  is  the  volumetric  filling  factor,  and  yj—kFRjyFla . 
The  average  conductivity  is  evaluated  from  { J)IEex . 

In  order  to  elucidate  the  GMR  effect,  the  spin  degrees  of 
freedom  need  to  be  included.  We  focus  on  the  cases  where 
the  spin  diffusion  length  is  much  larger  than  the  mean  free 
path,  so  that  the  total  conductivity  is  the  sum  from  the  two 
spin  channels,  and  for  each  channel  the  previous  formulas 
can  be  extended  straightforwardly.  Let  kj  and  ksF ,  with  j 
for  the  majority  spin  and  s  =  l  for  the  minority  spin,  denote 
the  mean  free  path  of  electrons  in  the  mixing  films  and  in  the 
particles,8  respectively  then  we  arrive  at 

&D  __  2(  1  ”/)+/( yjrkjr+ 

~  2(  1  -/  )  ■ +  ( y\+  rj,+  yf +  yfrf  ’ 
for  the  demagnetized  state,  and 


(1  /  )_*"/yipk/r/k  o  .  v 

°o  5= T4  2(1-/  )  +  2(y5^+yJ)/, 

for  the  magnetized  state,  with  (rQ=ne2k0/mvF . 

The  GMR  effect  is  measured  by  Acr=  aM~aD,  which 
can  be  found  to  be  always  positive.  Its  amplitude  is  defined 
as  Ap/pD=  Acr/crM  with  pD=  l/crD,  pM—llcrM ,  and 
A p~pD-pM.  For  simplicity,  we  here  assume  the  spin- 
asymmetry  factors  in  the  particles  and  in  the  mixing  film  are 
of  the  same  value  N=  kjp/kl>=R}/R\  although  they  are  quite 
different.  In  Fig.  1(a),  we  plot  the  resistivity  as  a  function  of 
the  inverse  of  radius,  which  is  approximately  in  linear  pro¬ 
portion.  The  GMR  is  shown  in  Fig.  1(b).  There  is  always  an 
optimum  radius  for  the  GMR.  To  understand  this  feature,  we 
notice  that  there  two  factors  that  determine  the  GMR.  On  one 
hand,  since  the  number  of  atoms  at  interfaces  is  inversely 
proportional  to  the  radius,  the  proportion  of  the  spin- 
dependent  interface  scattering  to  the  total  scattering  increases 
with  decreasing  size  of  the  cylinders.  On  the  other  hand,  the 
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smaller  the  radius,  the  more  easily  the  currents  pass  by  the 
cylinders,  an  effect  which  results  in  the  decrease  in  the  spin 
dependence  of  the  scattering  of  the  electrons.  The  competi¬ 
tion  between  these  two  factors  leads  to  a  maximum  of  the 
GMR. 

The  above  calculations  can  be  extended  straightfor¬ 
wardly  to  the  case  of  spherical  granules.  We  can  find  that 
eqs.  (13)  and  (14)  are  still  valid  if  the  parameters  Yf  and  Yi 
are  represented  as 


3  A/, 


2\0+ 


(15) 


ysI=2\sFRsIysF/a .  (16) 

In  summary,  we  have  presented  a  new  and  efficient  ap¬ 
proach  to  calculate  the  conductivity  in  inhomogeneous  sys¬ 
tems  based  on  the  effective  Boltzmann  equation.  Within  a 
mean-field  framework,  we  employ  our  formal  theory  to  in¬ 
vestigate  in  detail  the  GMR  effect  in  cylindrical  magnetic 
granular  systems. 
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Giant  magnetoresistance  in  granular  Fe-MgF2  films 

T.  Furubayashi  and  I.  Nakatani 

National  Research  Institute  for  Metals,  Tsukuba  305,  Japan 

The  giant  magnetoresistance  effect  observed  in  granular  Fe-MgF2  films,  which  consist  of  metallic 
particles  embedded  in  an  insulating  medium,  is  reported.  Large  negative  magnetoresistance  (MR) 
with  a  magnitude  up  to  7.5%  at  78  K  was  observed  in  semiconducting  films  with  the  Fe  composition 
below  the  percolation  threshold.  Field  dependence  of  the  MR  is  well  described  by  the  form 
proportional  to  the  square  of  the  magnetization.  The  MR  effect  in  this  system  seems  to  arise  from 
the  tunneling  conductance  between  the  Fe  particles  depending  on  the  relative  relation  of  the 
magnetization  direction.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)56008-3] 


I.  INTRODUCTION 

Much  attention  has  been  attracted  by  granular  materials 
consisting  of  ferromagnetic  metallic  particles  dispersed  in  a 
metallic  matrix  in  view  of  the  giant  magnetoresistance 
(GMR).1-3  On  the  other  hand,  electric  conductance  of  sys¬ 
tems  consisting  of  metallic  particles  in  an  insulating  matrix 
has  been  also  extensively  investigated.4,5  When  the  metal 
content  is  below  the  percolation  threshold,  conductance  in 
such  systems  is  considered  to  originate  in  a  tunneling  current 
between  metallic  particles  separated  by  an  insulating  barrier. 
Gittleman  and  co-workers4  reported  negative  MR  in  granular 
Ni-Si02  films.  They  suggested  that  the  MR  arises  from  the 
effect  that  tunneling  conductance  depends  on  the  relative  di¬ 
rection  of  the  magnetization  between  neighboring  particles. 
Although  the  MR  ratio  is  not  large  (<1%  at  room  tempera¬ 
ture),  the  sign  is  independent  of  the  direction  of  the  current 
to  the  magnetic  field,  similarly  with  GMR  effect  in  granular 
metal-metal  films.  Mitani,  Ohnuma,  and  Fujimori  recently 
found  large  negative  MR  reaching  the  amplitude  of  8%  in 
granular  Co-Al-O  films,6  which  consist  of  Co  particles 
separated  by  A1203 . 

Tunneling  junctions  with  ferromagnetic  electrodes  have 
been  extensively  investigated.  Miyazaki  and  Tezuka7  ob¬ 
served  that  the  conductance  of  a  tunneling  junction 
Fe/Al203/Fe  changes  with  the  amplitude  reaching  30%,  de¬ 
pending  on  the  relative  angle  of  the  magnetization  of  each  Fe 
electrode.  Thus,  it  seems  possible  to  obtain  large  MR  in 
granular  metal -insulator  systems  by  using  Fe,  although  MR 
effects  in  granular  Fe-insulator  systems  have  not  yet  been 
reported  so  far. 

In  this  work,  we  investigated  MR  effects  in  granular 
Fe-MgF2  films.  It  has  been  shown  that  the  two  materials  are 
immiscible  and  that  granular  systems  consisting  of  Fe  par¬ 
ticles  in  MgF2  can  be  obtained.8  The  relationship  between 
MR  and  magnetization  curves  was  examined. 

II.  EXPERIMENT 

The  samples  were  prepared  by  coevaporating  two 
sources  of  Fe  and  MgF2  in  a  vacuum  better  than  5X 10-6  Pa. 
The  films  were  deposited  onto  glass  substrates,  which  were 
kept  at  temperatures  Ts  of  300  or  400  K.  The  deposited 
amount  of  each  material  was  monitored  by  respective  quartz 
oscillator.  The  thickness  of  the  films  is  typically  30-200  nm. 
Electric  resistance  was  measured  by  the  conventional  dc 


four-terminal  method.  The  magnetization  curves  were  mea¬ 
sured  by  an  alternating  gradient  magnetometer. 

From  transmission  electron  microscopy  (TEM)  observa¬ 
tions  of  the  samples  with  the  volume  fraction  x  of  Fe  studied 
here,  it  was  found  that  the  films  have  a  granular  structure 
with  the  Fe  grain  size  of  around  3  nm.  Figure  1  shows  a 
typical  TEM  photograph.  The  electron-diffraction  patterns 
showed  the  bcc  structure  of  Fe. 

III.  RESULTS  AND  DISCUSSION 

Negative  MR  was  observed  as  typically  shown  in  Fig.  2. 
Magnetic  field  was  applied  in  the  direction  parallel  to  the 
film  plane.  No  significant  difference  was  observed  between 
MR  curves  taken  in  the  longitudinal  (current  parallel  to  field) 
and  the  transverse  (current  perpendicular  to  field)  geometry. 
The  MR  in  this  material  is  isotropic. 

The  magnetization  curve  at  room  temperature  in  Fig.  2 
shows  superparamagnetic  behavior  with  no  hysteresis.  The 
blocking  temperature  TB,  below  which  the  magnetization 
curve  has  hysteresis,  was  found  to  be  about  200  K  for  this 
sample  from  the  magnetization  measurements.  The  MR 
curves  below  TB  showed  hysteresis  correspondingly  to  the 
magnetization  curves  as  shown  in  Fig.  2(b)  at  78  K.  The  MR 
ratio,  [p0  —  p(H)]f  p0,  where  p0  is  the  maximum  at  each  tem¬ 
perature,  is  4.0%  at  297  K  and  7.5%  at  78  K  with  the  applied 
field =  0.9  T. 

The  resistivity  p  under  zero  magnetic  field  and  the  MR 
ratio  with  ju0H  =  0.9  T,  measured  in  the  transverse  geometry 
at  room  temperature,  are  summarized  in  Fig.  3  against  the  Fe 


FIG.  1.  TEM  micrograph  of  granular  Fe0.42(MgF2)o.58  deposited  at  Ts 
=400  K. 
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FIG.  2.  Electric  resistivity  and  magnetization  plotted  against  magnetic  field 
for  the  sample  with  the  volume  composition  Fe0  42(MgF2)0  58  deposited  at 
7^=400  K;  measured  at  (a)  297  K  and  (b)  78  K.  Magnetic  field  was  applied 
in  the  direction  parallel  to  the  film  plane. 


volume  fraction  x.  The  large  MR  ratio  was  observed  for 
samples  with  large  resistivity,  i.e.,  small  Fe  fraction. 

Temperature  dependence  of  the  resistivity  was  examined 
for  the  samples  with  large  MR.  The  resistivity  increased  with 
decreasing  temperature  as  shown  in  Fig.  4.  The  result  shows 
no  metallic  percolation  path  in  these  films.  The  Fe  content  in 
these  samples  is  below  the  percolation  threshold.  The  elec¬ 
trical  resistivity  in  granular  systems  consisting  of  metallic 


FIG.  3.  MR  ratio  [p0-p(//)]/p0  with  p,oH=0.9  T,  and  zero-field  resistivity 
are  shown  against  the  volume  fraction  x  of  Fe  at  room  temperature.  Circles 
are  for  the  samples  prepared  at  7^=300  K  and  triangles  are  for  7^=400  K. 


particles  separated  by  an  insulating  matrix  was  theoretically 
investigated  in  terms  of  tunneling  conductance  between 
particles.5  It  was  shown  that  the  temperature  dependence  is 
expressed  by 

p<*exp(T/Tora,  (1) 

with  a=  1/2.  It  seems  in  Fig.  4  that  log  p  is  mostly  linear  to 
T~ 1/2  according  to  the  above  relation.  However,  the  data  can 
be  also  fitted  to  the  form  (1)  with  a=l/4,  which  is  derived 
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FIG.  4.  Resistivity  plotted  against  7^1/2,  where  T  is  the  temperature,  for 
each  sample  with  the  Fe  volume  fraction  jc  prepared  at  the  substrate  tem¬ 
perature  Ts . 
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FIG.  6.  The  coefficient  A  in  Eq.  (2)  obtained  at  each  temperature  for  the 
sample  shown  in  Figs.  2  and  5. 

Thus,  the  field  dependence  of  the  MR  is  understood  as  the 
result  of  tunneling  conductance.  The  coefficient  A  weakly 
depends  on  temperature  as  shown  in  Fig.  6. 


FIG.  5.  Solid  squares  denote  conductance  a  normalized  by  the  minimum 
value  (j0  for  the  same  sample  as  Fig.  2.  Solid  curves  indicate  (. M/Ms )2,  where 
Ms  is  the  value  of  M  at  10  K  with  yct0H=l  T. 

from  the  theory  of  variable  range  hopping9  for  amorphous 
semiconductors.  It  is  difficult  at  present  to  determine  the 
value  of  a.  Measurements  at  lower  temperatures  would  be 
required. 

The  field  dependence  of  the  MR  is  discussed  in  terms  of 
tunneling  conductance.  The  tunneling  conductance  between 
two  neighboring  particles  i  and  j  is  expressed  by10  G 
=  G0[1  +F(m/*m;/m2)],  where  m,  is  the  magnetization 
vector  and  G0  and  T  (>0)  are  constants.  If  all  the  particles 
are  uniform  and  the  correlation  between  mz  and  my  can  be 
neglected,  we  obtain  the  conductivity  a  of  the  film  by  taking 
the  average  of  nymy  as3,5 

<T=a0[l+A(M/Ms)2],  (2) 

where  Ms  is  the  saturation  magnetization.  The  conductance 
increases  when  the  magnetization  of  each  particle  is  aligned 
in  the  direction  of  magnetic  field.  As  shown  in  Fig.  5,  the 
experimental  data  are  well  expressed  by  the  form  of  Eq.  (2). 


IV.  SUMMARY 

The  MR  effect  in  granular  Fe-MgF2  films,  which  consist 
of  metallic  particles  in  an  insulating  matrix,  was  investi¬ 
gated.  Negative  and  isotropic  GMR  with  the  MR  ratio  up  to 
7.5%  was  observed.  The  field  dependence  is  approximately 
proportional  to  the  ( M/Ms )2  term.  The  GMR  effect  in  this 
system  seems  to  arise  from  tunneling  conductance  depending 
on  the  relative  direction  of  the  magnetization  of  neighboring 
particles. 
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The  influence  of  Ni  on  the  microstructure  and  GMR  of  the  Co-Cu  alloy 
granular  films  (abstract) 

S.  Y.  Zhang  and  Q.  Q.  Cao 

Department  of  Physics,  Nanjing  University ;  Nanjing ,  Peoples  Republic  of  China 

The  microstructure  and  Giant  Magnetoresistance  (GMR)  in  Co-Cu  and  Co-Ni-Cu  alloy  granular 
films  prepared  by  dc  magnetron  sputtering  technique  was  discussed.  The  microstructure  of  Co-Ni- 
Cu  alloy  granular  films  observed  by  XRD,  SEM,  and  HRTEM  examinations  showed  even 
microscopic  tissue  in  which  nanoparticles  of  Co-Ni  were  well-distributed,  much  different  than  that 
of  Co-Cu  alloy  granular  films  in  which  full-grown  microparticles  of  Co  were  embedded  in  Cu 
matrix.  By  Magnetic  Hysteresis  Measurement  and  Neel’s  superparamagnetism  theory,  the  mean  size 
of  the  Co-Ni  particles  in  Co-Ni-Cu  alloy  granular  films  was  estimated  to  be  2  to  4  nm,  much 
smaller  than  that  in  Co-Cu  alloy  granular  films.  These  results  indicated  that  owing  to  the  existence 
of  Ni  in  Co-Ni-Cu  alloy  granular  films  the  phase  segregation  was  not  a  nucleation  and  growth 
process  as  that  of  Co-Cu  alloy  granular  films  but  due  to  spinodal  decomposition  which  was  reported 
for  the  first  time  in  granular  films.  It  was  also  found  that  when  samples  dropped  from  room 
temperature  to  low  temperature,  the  GMR  boomed  in  Co-Ni-Cu  alloy  granular  films,  on  the 
contrary  to  the  behavior  of  Co-Cu  alloy  granular  films.  This  fact  meant  that  the  Co-Ni-Cu  alloy 
granular  films  with  proper  Ni  content  might  have  no  response  to  the  temperature  change. 
Furthermore,  the  GMR  as  a  function  of  magnetic  density  in  Co-Ni-Cu  alloy  granular  films  is  of 
much  better  linearity  than  that  in  Co-Cu  alloy  granular  films.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)61608-9] 

Real-space  analysis  of  inhomogeneous  scattering  versus  superlattice- 
potential  effects  for  magnetotransport  (abstract) 

Horacio  E.  Camblong 

Department  of  Physics,  University  of  San  Francisco,  San  Francisco,  California  94117 

Spin-dependent  scattering  has  usually  been  regarded  as  the  basic  mechanism  for  giant 
magnetoresistance  (GMR),  following  the  seminal  quasiclassical  work  of  Camley  and  Bamas.  When 
this  mechanism  is  considered,  the  correct  quantum-mechanical  treatment  of  magnetotransport  in 
multilayers  is  provided  by  the  real-space  Kubo  approach.1  In  addition,  band-structure  effects  due  to 
imperfect  matching  of  the  Fermi  surfaces  of  the  constituent  materials  of  the  superlattice  have  been 
regarded  as  another  source  of  GMR.2  It  turns  out  that  a  real-space  approach  to  superlattice  effects 
is  both  straightforward  and  intuitive.  In  effect,  a  solution  of  this  unified  model  of  inhomogeneous 
scattering  and  superlattice  potentials  is  accomplished  by  deriving  the  real-space  Green’s  function, 
which  is  a  direct  generalization  of  that  of  Ref.  2,  but  with  a  wavevector  that  is  obtained  by  solving 
the  dispersion  relation  for  a  Kronig-Penney  model.  It  is  shown  that  spin-dependent  scattering 
remains  the  dominant  mechanism,  even  though  it  is  somewhat  modified  by  the  presence  of 
superlattice  potentials;  that  is,  GRM  is  mainly  due  to  a  “short-circuit  effect”  rather  than  due  to  a 
“channeling  effect.”  The  corresponding  “internal  quantum  size  effects”  (due  to  potential  barriers) 
are  not  easily  observable  because  of,  among  other  factors,  the  exponential  suppression  of  the 
one-particle  propagator  in  the  presence  of  the  relatively  short  mean  free  paths  in  multilayers;  this 
“geometrical  effect”  is  an  outstanding  feature  of  magnetic  multilayers  as  their  giant 
magnetoresistance  is  governed  by  strong  scattering  at  the  interfaces.  Finally,  due  to  interdiffusion, 
the  standard  usage  of  reflection  coefficients  is  shown  to  be  incorrect.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)6 1708-8] 
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Magnetic  tunneling  effect  in  Fe/AI203/Ni1_xFex  junctions 
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The  dependence  of  the  magnetoresistance  ratio,  A RIRS ,  on  the  Ni  content  has  been  studied  in 
Fe/AlAM^JFe,  (O^x^l)  tunneling  junctions.  The  value  of  A R/Rs  at  4.2  K  increased  with 
increasing  x  and  exhibited  a  maximum  of  -35%  at  x  =  0.8.  The  result  is  discussed  by  taking  into 
account  the  spin-polarization  of  ferromagnetic  electrodes.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)82908-2] 


I.  INTRODUCTION 

The  pioneering  work  concerning  the  magnetic  tunneling 
effect  was  conducted  first  by  Julliere.1  He  formed  Fe/Ge/Co 
junction  and  measured  the  conductance  at  T<4.2  K  under 
different  magnetic  fields  as  a  function  of  applied  voltage. 
The  relative  change  of  conductance,  A  G/G,  was  —14%, 
where  AG  is  the  difference  of  conductance  between  the  two 
values  corresponding  to  parallel  and  antiparallel  magnetiza¬ 
tions  of  the  two  ferromagnetic  electrodes,  and  G  is  the  con¬ 
ductance  in  the  state  of  antiparallel  magnetization.  After  his 
report  several  attempts  were  made  in  order  to  prepare  a  junc¬ 
tion  with  large  conductance  (or  resistance)  ratio.  The  highest 
value  of  A R/Rs  at  room  temperature  reported  before  1991 
was  only  2.1%, 2  and  far  less  than  the  value  expected  from 
the  theory  taking  into  account  of  ferromagnetic  electrode 
spin-polarizations.  Recently,  we  have  found  a  giant  magne¬ 
toresistance  (MR)  ratio  of  30%  at  4.2  K  and  18%  even  at 
room  temperature  in  Fe/Al203/Fe  junction.3  Also,  various 
junctions  with  combinations  of  magnetic  electrodes  exhibit¬ 
ing  a  relatively  large  MR  ratio  at  room  temperature  were 
successfully  prepared  by  us4  and  by  Moodera  et  al.5  and  it 
was  shown  that  MR  ratio  is  roughly  proportional  to  the  prod¬ 
ucts  of  spin-polarizations  of  both  ferromagnetic  electrodes  4 
However,  in  these  experiments  the  ferromagnetic  electrodes 
used  were  pure  metals,  permalloy  and/or  50FeCo  alloys,  and 
no  experiment  for  the  junctions  with  the  ferromagnetic  com¬ 
position  varied  systematically  is  reported. 

The  spin-polarizations  of  Fe-Ni  binary  alloys  were  mea¬ 
sured  systematically6  and  their  values  were  relatively  large. 
This  article  describes  the  dependence  of  MR  ratio  in 
Fe/Al203/Ni1_xFe;c  tunnel  junctions  on  x,  and  discusses 
briefly  the  results  in  the  light  of  the  spin-polarizations. 

II.  EXPERIMENT 

The  magnetic  electrodes  were  prepared  by  electron  beam 
evaporation.  On  the  other  hand,  the  aluminum  film  was  pre¬ 
pared  by  rf  sputtering  because  more  smooth  Al  surface 
would  be  obtained  by  the  sputtering  than  evaporation 
method.  First,  1000  A  thick  Fe  film  was  deposited  through  a 
mask  to  form  a  long  narrow  strip  (1  mm  wide  15  mm  long) 
on  to  a  glass  substrate.  The  growth  rate  was  3-6  A/s.  The 
pressure  during  evaporation  was  —IX  10“ 6  Torr.  Next,  an 
aluminum  film  was  sputtered  through  a  mask  in  a  circular 
form  with  a  5  mm  diameter.  The  thickness  was  55  A.  The 
system  base  pressure  was  lower  than  1  X  10-6  Torr  and  an  Ar 
pressure  during  sputtering  was  1.5  mTorr.  The  typical  growth 
rate  was  5.6  A/s.  Then  the  sample  was  taken  out  from  the 


vacuum  vessel  and  the  aluminum  was  oxidized  in  air  at  room 
temperature  for  24  h.  Finally,  a  counter-electrode  film  was 
evaporated  through  a  mask  to  form  a  cross  strip  of  dimension 
1X15  mm2.  In  order  to  vary  the  induced  magnetic  anisot¬ 
ropy  and/or  coercive  force  for  both  electrodes,  the  substrates 
temperature  were  kept  at  200  °C  for  the  base  electrode  and  at 
room  temperature  for  the  counter-electrode  except 
Fe/Al2O3/Ni0  8Fe0  2  junction.  In  the  case  of  this  junction,  the 
substrate  was  at  room  temperature  for  both  electrodes.  The 


-200  -100  o  100  200 

H  (Oe) 

FIG.  1.  MR  curves  for  1000  A  Fe/Al203/1000  A  Ni^Fe,  (O^x^l)  junc- 
tions  at  4.2  K. 
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FIG.  2.  MR  ratio  at  4.2  K  (0)  and  300  K  (A)  as  a  function  of  Fe  content  in 
Fe-Ni  electrode. 


MR  was  measured  by  a  dc  four  probe  method  in  magnetic 
fields  up  to  200  Oe  in  the  temperature  range  from  4.2  to  300 
K.  Magnetic  hysteresis  loop  was  measured  by  a  vibrating 
sample  magnetometer. 


III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  magnetic  field,  H ,  dependence  of  the 
resistance,  R,  measured  at  4.2  K  for  the  junctions  with  dif¬ 
ferent  Fe  content  in  the  counter-electrode.  In  these  R  vs  H 
curves,  the  sharp  change  in  resistance  at  smaller  magnetic 
fields  corresponds  to  the  coercive  force  of  the  first  Fe  layer 
for  x=l,  0.8,  0.5,  and  0  junctions.  While,  in  the  case  of 
*=0.2  junction,  the  change  is  due  to  the  magnetization  pro¬ 
cess  of  Ni0  8Fe0  2  (permalloy)  layer.  All  those  R  vs  H  curves 
corresponded  well  with  their  magnetic  hysteresis  loops.  Both 
resistances  at  parallel  and  antiparallel  magnetizations  de¬ 
creased  with  increasing  temperature. 

The  values  of  the  tunneling  barrier  height  and  width 
were  estimated  by  the  analysis  of  current- voltage  measure¬ 
ment.  The  current-voltage  data  at  4.2  K  were  fitted  by  Sim¬ 
mons’  theory.7  For  all  the  junctions,  the  values  of  the  barrier 
height  were  0.1 —0.3  eV  and  the  width  were  —45  A.  Here  it 
should  be  noted  that  the  barrier  height  is  much  smaller  than 
that  expected  for  A1203  barriers.  The  reason  will  be  de¬ 
scribed  shortly  at  the  end  of  this  section. 

Figure  2  shows  the  dependence  of  the  MR  ratio  on  x  at 
4.2  and  300  K.  The  MR  ratio  at  4.2  K  increases  with  *  and 
exhibits  a  maximum  around  x  =  0.8.  Namely,  the  MR  ratio  of 

*  =  0.8  is  larger  than  that  of  *=1  which  corresponds  the 
Fe/Al203/Fe  junctions.  Since  one  electrode  of  the  junctions 
examined  in  this  experiment  is  always  pure  Fe,  we  expect 
that  the  dependence  of  the  MR  ratio  on  *  is  merely  due  to  the 
counter-electrode  of  Fe-Ni  alloy  films.  In  Fig.  3  we  replotted 
the  spin-polarization,  P,  and  magnetic  moment,  ft,  reported 
by  Paraskevopoulos  et  al ,6  as  a  function  of  Ni  content  for 
Fe-Ni  alloy.  As  seen  in  Fig.  3,  both  P  and  fi  increase  with 

*  and  exhibit  a  broad  peak  at  *  =  0.7  and  *  =  0.9,  respec- 
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FIG.  3.  The  spin-polarization  (O)  and  magnetic  moment  ( — )  at  0  K  for 
Fe-Ni  binary  alloys  (Ref.  6). 

tively.  The  dependence  of  MR  ratio  on  *  is  very  similar  to 
that  of  magnetic  moment  rather  than  that  of  spin- 
polarization. 

We  also  measured  the  dependence  of  MR  ratio  and  the 
resistance  (current  at  a  constant  voltage)  as  a  function  of 
temperature  between  4.2  and  300  K.  The  MR  ratio  at  300  K 
is  much  smaller  than  that  at  4.2  K.  Furthermore,  its  depen¬ 
dence  on  *  is  quite  different  from  that  at  4.2  K. 

Stratton8  has  discussed  the  dependence  of  the  tunneling 
current  on  temperature.  By  fitting  our  experimental  data  to 
the  relation  obtained  by  him,  we  obtained  the  barrier  height. 
The  values  are  between  0.1  and  0.3  eV  for  all  the  junctions, 
which  agree  well  with  those  obtained  from  current- voltage 
data. 

The  theoretical  treatments  of  the  magnetic  tunneling  ef¬ 
fect  have  been  conducted  by  also  Julliere1  and  successively 
by  Maekawa  and  Gafvert9  and  Slonczewski.10  They  ex¬ 
pressed  the  conductance  ratio  instead  of  the  MR  ratio  by 
using  spin-polarization.  If  we  express  the  MR  ratio  in  the 
same  manner,  it  can  be  expressed  as 

AP/P5  =  2P1P3/(1-P1P3),  (1) 

where  Rs  is  the  resistance  in  the  state  of  parallel  magnetiza¬ 
tion.  Px  and  P3  are  the  spin-polarizations  of  base  and 
counter  electrodes.  By  using  the  data  on  the  spin-polarization 
shown  in  Fig.  3,  we  are  able  to  estimate  the  MR  ratio  by  Eq. 
(1).  In  order  to  confirm  this  relationship,  we  plotted  MR  ratio 
at  4.2  K  as  a  function  of  2PXP^!{\  —  P\P{)  in  Fig.  4.  In  Fig. 
4  the  data  reported  by  us2”4  and  by  others1,5,9,1 1  are  also 
plotted.  The  straight  line  shows  the  ideal  value  expected 
from  the  spin-polarizations  coefficient.  We  can  see  that  the 
junctions  with  larger  spin-polarization  electrode  exhibits 
higher  MR  ratio.  However,  the  experimental  value  of  MR 
ratio  is  much  lower  than  that  expected  from  the  spin- 
polarization  except  for  some  junctions. 

In  order  to  obtain  information  to  understand  the  reason 
of  smaller  value  of  MR  ratio,  especially  at  room  temperature, 
than  that  expected  from  spin-polarization  and/or  low  barrier 
potential,  the  profile  of  Auger  spectroscopy  was  examined 
perpendicular  to  the  surface  of  the  sample.  In  this 
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FIG.  4.  Experimental  and  theoretical  (straight  line)  values  of  MR  ratio  as  a 
function  of  2P1P3/(l-/>i/>3).  •:  reported  by  us  (Refs.  2-4),  O:  reported 
by  others  (Refs.  1,5,9,  and  11). 


examination,  the  sample  was  prepared  separately  from  that 
measured  magnetic  tunneling  effect.  The  preliminary  data 
suggest  that  the  actual  barrier  is  not  pure  A1203  but  a  mixture 
of  A1203  and  AlO*  or  magnetic  oxide.  Further  there  exists  a 
remaining  metallic  aluminum  without  oxidization.  The  mix¬ 
ture  of  oxide  may  behave  as  a  semiconductor  with  a  small 
energy  gap.  Such  a  phenomenon  explains  the  occurrence  of 
low  barrier  potential.  With  lowering  the  barrier  height,  the 


MR  ratio  decreases  as  suggested  by  Slonczewski.10  The  in¬ 
creased  barrier  width  due  to  the  extra  oxidization  also  de¬ 
creases  the  MR  ratio.12  Furthermore,  the  pressure  of  native 
oxide  can  cause  spin  flipping  in  the  tunneling  process  giving 
a  low  MR  ratio. 

More  detailed  structure  analysis  of  the  insulator  of  the 
tunneling  junction  is  now  in  progress  and  will  be  presented 
elsewhere  in  the  near  future. 

ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  Dr.  H.  Topkins,  Dr.  S. 
Tehrani,  and  Dr.  H.  Goronkin  of  Physical  Research  Labora¬ 
tory,  Motorola  for  the  measurement  of  Auger  spectroscopy. 
This  research  was  partly  supported  by  Sasakawa  Scientific 
Research  Grant  from  the  Japan  Science  Society  and  Asahi- 
garasu  foundation. 

'M.  Julliere,  Phys.  Lett.  54,  225  (1975). 

2T.  Miyazaki,  T.  Yaoi,  and  S.  Ishio,  J.  Magn.  Magn.  Mater.  98,  7  (1991). 
3T.  Miyazaki  and  N.  Tezuka,  J.  Magn.  Magn.  Mater.  139,  231  (1995). 

4T.  Miyazaki  and  N.  Tezuka,  J.  Magn.  Magn.  Mater.  151,  403  (1995). 

5J.  S.  Moodera,  L.  R.  Kinder,  T.  M.  Wong,  and  R.  Meservey,  Phys.  Rev. 
Lett.  74,  3273  (1995). 

6D.  Paraskevopoulos,  R.  Meservey,  and  P.  M.  Tedrow,  Phys.  Rev.  B  16, 
4907  (1977). 

7J.  G.  Simons,  J.  Appl.  Phys.  34,  1793  (1963). 

8R.  Stratton,  J.  Phys.  Chem.  Solids  23,  1177  (1962). 

9S.  Maekawa  and  U.  Gafvert,  IEEE  Trans.  Magn.  MAG-18,  707  (1982). 
10 J.  C.  Slonczewski,  Phys.  Rev.  B  39,  6995  (1989). 
nJ.  Nowak  and  J.  Rauluszkiewicz,  J.  Magn.  Magn.  Mater.  109,  79  (1992). 
12  S.  F.  Alvarado,  Phys.  Rev.  Lett.  75,  513  (1995). 


6264  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


N.  Tezuka  and  T.  Miyazaki 


Spin  polarized  tunneling  in  half-metallic  ferromagnets  (abstract) 
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We  present  a  study  of  spin  polarized  tunneling  in  tunnel  junctions  in  which  one  of  the  conducting 
layers  is  a  half-metallic  ferromagnet  (HMF).  HMF  are  unique  in  that  the  Fermi  level  of  these 
materials  intersect  the  majority  spin  electron  band,  while  the  minority  band  has  an  energy  gap  near 
the  Fermi  level.  Hence,  HMF  simultaneously  have  both  metallic  and  semiconducting  characteristics, 
and  theory  predicts  that  the  conduction  electrons  are  100%  spin  polarized.  As  a  result,  the 
magnetoresistance  in  magnetic  multilayers  or  trilayer  tunnel  junctions  is  expected  to  be  significantly 
higher  than  with  conventional  ferromagnetic  materials.  Two  important  parameters  affecting  the 
performance  of  these  junctions  are  the  smoothness  of  the  HMF  surface  and  its  surface  composition. 
Tunnel  junctions  consisting  of  a  layer  of  NiMnSb,  a  barrier  layer  of  A1203,  and  a  layer  of  aluminum 
were  prepared  and  studied  for  their  tunneling  properties.  Surface  analysis  of  HMF  films  was  done 
using  Auger  depth  profiling  and  AFM.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)61808-7] 
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Co/Mn  multilayers  were  prepared  by  rf  sputtering  onto  single-crystal  MgO  and  sapphire  substrates 
resulting  in,  respectively,  (001)-  and  (lll)-oriented  layers.  The  structure  was  thoroughly  analyzed 
by  x-ray  scattering  in  various  geometries  (Q.  Wang  et  al.  to  be  published).  For  the  magnetic 
investigations,  ferromagnetic  resonance  (FMR)  was  applied.  Complementary  measurements 
employed  the  magneto-optical  Kerr-effect  (MOKE)  and  Faraday  balance  magnetometry.  Results  for 
the  in-plane  anisotropy,  the  surface  anisotropy,  the  magnetization,  and  the  FMR  linewidth  are 
presented.  The  comparison  with  other  Co-based  multilayer  systems  indicates  that  both  the  structural 
and  the  magnetic  properties  of  the  Co/Mn  system  are  more  complicated  than  in  the  case  of  systems 
with  a  presumably  weaker  electronic  interaction  at  the  interface  [see  also  K.  Ounadjela  et  al ,  Phys. 
Rev.  B  49,  8561  (1994)].  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)44408-1] 
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Thermal  effects  In  magnetization,  anisotropy,  and  interface  width 
in  Fe/Cu  multilayers  (abstract) 
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Magnetic  properties  of  Fe/Cu  multilayers  have  been  investigated  as  a  function  of  temperature  using 
dc  magnetization  and  ferromagnetic  resonance  techniques.  The  samples  were  prepared  via  dc 
sputtering  resulting  in  equal  thickness  elemental  layers  ranging  in  modulation  wavelength  from  1  to 
30  nm.  The  interface  anisotropy  remains  nearly  constant  at  0.32  erg/cm2  through  the  4-300  K 
temperature  range,  which  is  in  stark  contrast  to  large  thermal  effects  observed  in  Ni-based  systems.1 
Relative  increases  in  magnetization  with  decreasing  temperature  range  from  3%  in  the  30  nm 
sample  to  27%  in  the  1.0  nm  sample.  This  indicates  an  interface  region  in  which  the  magnetization 
is  more  strongly  temperature  dependent  than  the  interior  of  an  Fe  layer.  By  plotting  magnetization 
as  a  function  of  the  inverse  layer  thickness,  we  obtain  the  temperature  dependence  of  the  width  of 
this  interfacial  region.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)44508-X] 
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Study  of  magnetic  reorientation  phenomenon  and  magnetic  properties 
of  Pd/(Pt/Co/Pt)  multilayers 
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Department  of  Condensed  Matter  Physics,  Royal  Institute  of  Technology ;  S-100  44  Stockholm ,  Sweden 

Pd/(Pt/Co/Pt)  modulated  multilayer  films  have  been  prepared  at  substrate  temperatures  ranging  from 
room  temperature  to  350  °C  by  e-beam  evaporation  using  various  buffer  layers.  All  these  films 
exhibit  perpendicular  magnetic  anisotropy  with  square  polar  Kerr  hysteresis  loops  at  room 
temperature.  However,  we  observed  a  magnetic  reorientation  from  a  perpendicular  anisotropy  to  an 
in-plane  anisotropy  at  temperatures  close  to  the  Curie  temperature  Tc .  The  reorientation 
temperature  TR  is  found  to  depend  strongly  on  the  nonmagnetic  Pd-spacer  thickness  in  these 
Pd/(Pt/Co/Pt)  multilayers.  Over  the  room  temperature  to  TR  range,  we  observe  a  linear  temperature 
dependence  of  magnetic  coercivity.  AFM  and  STM  characterization  of  the  role  of  buffer  layers  on 
the  microstructure,  the  dependence  of  coercivity  and  squareness  of  the  Kerr  hysteresis  loops  on  the 
buffer  layers  of  Au,  Pt,  and  A1  are  also  presented.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)24108-5] 


I.  INTRODUCTION 

Good  thermal  stability  and  ideal  square  Kerr  hysteresis 
loops  of  magneto-optical  (MO)  media  are  essential  to 
achieve  excellent  MO  device  performances.  It  is  well  known 
that  with  increasing  temperature  competing  anisotropies  es¬ 
pecially  arising  from  intersurface  at  layers  cause  a  rotation  of 
the  easy  axis  from  a  perpendicular  to  an  in-plane  magnetic 
orientation  in  ultrathin  films  of  Fe/Cu  (100),  Fe/Ag  (100), 
Co/Au  (100),  etc.1"5  This  magnetic  reorientation  also  exists 
in  multilayers  and  may  be  a  source  of  thermal  instability  of 
the  multilayered  MO  media.  Thus,  it  is  important  to  study  the 
magnetic  reorientation  phenomenon  and  relate  it  to  thermal 
stability  of  MO  multilayers  like  Pt/Co  and  related  multilay¬ 
ers.  On  the  other  hand,  squareness  of  the  Kerr  hysteresis  loop 
is  one  of  the  main  factors  determining  the  writing  speed,  and 
signal  to  noise  ratio  of  MO  recording  devices.  It  is  thus  of 
interest  to  clarify  the  role  of  thin  film  processing  parameters 
and  the  use  of  buffer  layers  in  achieving  perfect  square  Kerr 
hysteresis  loops  of  MO  media.  There  exist  very  few  reports 
in  literature  about  processing  techniques  to  control  square¬ 
nesses  of  the  Kerr  hysteresis  loops  of  MO  thin  films  and 
multilayers. 

Recently,  Pd/(Pt/Co/Pt)  modulated  multilayer  system 
with  enhanced  perpendicular  anisotropies  and  magnetic  co- 
ercivities  compared  to  the  Pt/Co  and  Pd/Co  multilayers  has 
been  reported.6,7  In  this  article  we  present  our  recent  experi¬ 
mental  results  of  the  temperature  dependences  of  the  perpen¬ 
dicular  magnetic  anisotropy,  coercivity,  and  Kerr  rotation  of 
some  e-beam  evaporated  Pd/(Pt/Co/Pt)  multilayers.  We  also 
discuss  buffer  layer  effects  on  the  squareness  of  the  Ken- 
hysteresis  loop  and  influences  of  grain  structures  on  the  co¬ 
ercivity  of  the  multilayers. 

II.  EXPERIMENT 

The  Pd/(Pt/Co/Pt)  modulated  multilayer  films  were  se¬ 
quentially  deposited  by  e-beam  evaporation  in  a  Leybold 
L560  Universal  Deposition  System  with  one  electron  gun 
and  four  crucibles.  The  deposition  rates  were  kept  below  0.5 
A/s  for  all  elements  at  a  base  pressure  of  1.5X10-6  Ton. 


Glass,  Si,  and  surface  oxidized  Si  were  used  as  substrates. 
They  were  mounted  on  a  homemade  resistive  heater  base 
during  deposition.  The  thickness  as  well  as  deposition  rate  of 
each  metal  layer  were  determined  and  controlled  by  means 
of  a  computer  with  a  previously  calibrated  quartz  thickness 
monitor.  The  thicknesses  of  the  Co  and  Pt  layers  were  fixed 
at  3  and  2  A,  respectively,  while  the  Pd  layer  thicknesses 
were  varied  from  3  to  12  A.  Some  of  the  multilayer  films 
were  grown  on  Al,  Ag,  Au,  and  Pd/Pt  buffer  layers.  Films 
and  buffer  layers  were  grown  at  temperatures  in  a  range  from 
room  temperature  to  350  °C.  Before  deposition,  substrates 
were  heated  up  to  500  °C  under  the  base  pressure  to  ther¬ 
mally  clean  substrate  surfaces. 

The  magneto-optical  Kerr  rotations  of  the  multilayer 
films  were  measured  over  a  temperature  range  from  30  to 
250  °C  with  a  Kerr  loop  tracer  at  wavelength  of  800  nm,  in 
magnetic  fields  up  to  13.5  kOe.  The  magnetic  hysteresis 
loops  of  the  multilayers  were  measured  at  temperatures  rang¬ 
ing  from  5  to  350  K  using  a  SQUID  magnetometer.  Low 
angle  and  high  angle  x-ray  diffraction  (XRD)  measurements 
were  carried  out  to  verify  the  superlattice  structures  and  de¬ 
termine  the  textures  of  the  multilayered  films.  Surface  micro¬ 
structures  of  the  films  were  characterized  by  the  means  of 
scanning  tunneling  microscopy  (STM)  and  atomic  force  mi¬ 
croscopy  (AFM)  with  a  Burleigh  Personal  SPM. 

III.  RESULTS  AND  DISCUSSIONS 

High  angle  XRD  measurements  on  the  Pd/(Pt/Co/Pt) 
multilayer  films  grown  under  different  deposition  conditions 
reveal  that  most  of  the  multilayers  exhibit  the  fee  (111)  tex¬ 
ture  along  the  film  normal.  Small  angle  XRD  analyses  sug¬ 
gest  that  these  multilayers  have  the  expected  periodic  struc¬ 
ture  and  reasonable  sharp  interfaces. 

Kerr  hysteresis  loop  measurements  indicate  that  all  Pd/ 
(Pt/Co/Pt)  multilayers  exhibit  perpendicular  magnetic  anisot¬ 
ropy  at  room  temperature.  However,  with  increasing  tem¬ 
perature  the  degree  of  the  squareness  of  Kerr  hysteresis  loops 
decreases  continuously,  as  shown  in  Figs.  1(a)- 1(d).  In  ad¬ 
dition,  the  magnetic  coercivities  of  the  Pd/(Pt/Co/Pt) 
multilayer  films  are  found  to  decrease  linearly  with  increas- 
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FIG.  1.  Kerr  hysteresis  loops  at  (a)  30  °C,  (b)  100  °C,  (c)  180  °C,  and  (d) 
230  °C  for  a  [Pd-3  A/(Pt-2  A/Co-3  A/Pt-2  A)]I5  multilayer  film  deposited  at 
room  temperature  on  oxidized  Si. 


ing  temperatures.  In  Fig.  2,  the  determined  coercivities  for 
four  multilayer  films  are  plotted  against  temperature.  At  cer¬ 
tain  temperatures  the  multilayers  suddenly  lose  their  perpen¬ 
dicular  anisotropies.  The  transition  temperature  TR  (from  a 
perpendicular  anisotropy  to  an  in-plane  anisotropy)  is  found 
to  be  a  function  of  the  Pd  nonmagnetic  spacer  thickness  tPd 
of  the  Pd/(Pt/Co/Pt)  multilayers.  Figure  3  gives  the  tempera¬ 
ture  dependence  of  remanent  magnetization  for  Pd-3, 6, 9, 12 
A/(Pt-2  A/Co-3  A/Pt-2  A)  multilayers.  In  the  inset  of  this 
figure  the  Pd  layer  thickness  dependence  of  TR  of  the  multi¬ 
layers  is  shown.  This  indicates  that  TR  decreases  with  in¬ 
creasing  nonmagnetic  spacer  thickness.  However,  the  film 
with  tPd  of  3  A  has  a  slightly  lower  T R  than  that  of  the  film 
with  rPd  of  6  A.  This  may  be  due  to  a  higher  degree  of 
interlayer  mixing  in  the  film  with  /Pd  of  3  A  which  results  in 
a  reduction  of  the  perpendicular  anisotropy  in  this  film.7 


FIG.  2.  Temperature  dependences  of  magnetic  coercivities  for  [Pd-3,6,9,12 
A/(Pt-2  A/Co-3  A/Pt-2  A)]15  multilayer  films  deposited  at  room  temperature 
on  oxidized  Si. 


FIG.  3.  Temperature  dependences  of  remanent  magnetization  for  [Pd- 
3,6,9,12  A/(Pt-2  A/Co-3  A/Pt-2  A)]15  multilayer  films  deposited  at  room 
temperature  on  oxidized  Si.  Inset:  Magnetic  reorientation  temperature  as  a 
function  of  Pd  layer  thickness. 


The  observed  magnetic  reorientation  could  arise  from 
the  large  entropy  for  the  in-plane  magnetization  which  be¬ 
comes  more  important  at  elevated  temperatures.8  The  direc¬ 
tion  of  magnetization  is  also  determined  by  the  competition 
between  uniaxial,  i.e.,  surface  anisotropy,  and  shape  anisot¬ 
ropy.  At  a  certain  temperature,  when  the  temperature  depen¬ 
dent  perpendicular  anisotropy  KU{T )  is  smaller  than  the  satu¬ 
ration  magnetization  2 ttMs(T),  the  easy  axis  will  turn  from 
the  film  normal  to  the  plane  of  the  film.  If  the  fourth  order 
anisotropy  cannot  be  neglected  as  compared  to  the  second 
order  anisotropy  at  elevated  temperatures,  a  canted  orienta¬ 
tion  of  a  uniform  magnetization  could  also  exist.  The  ob¬ 
served  magnetic  reorientation  could  thus  be  due  to  a  combi¬ 
nation  of  the  above  discussed  cases.  In  order  to  improve  the 
thermal  stability  of  MO  media  at  some  temperatures,  one 
needs  to  tailor  the  materials  to  obtain  suitably  high  TRs.  In 
the  case  of  Pt/Co  and  related  multilayers,  an  appropriate  thin 
nonmagnetic  spacer  is  essential  to  enhance  the  coupling  be¬ 
tween  neighboring  Co  layers,  and  thus  to  achieve  a  high  TR 
of  the  multilayers. 

It  is  found  that  Pd/(Pt/Co/Pt)  multilayers  grown  on  Pd/Pt 
and  Au  buffer  layers  exhibit  high  coercivities  in  a  range  from 
5  to  10  kOe,  but  the  squarenesses  of  these  multilayers  pre¬ 
pared  under  various  deposition  conditions  are  far  from  being 
ideal.  However,  multilayer  films  deposited  on  A1  buffer  layer 
under  certain  deposition  conditions  exhibit  ideal  square  Kerr 
hysteresis  loops,  although  the  coercivities  of  these  films  are 
relatively  low.  Figure  4  shows  a  few  Kerr  hysteresis  loops  of 
some  Pd/(Pt/Co/Pt)  multilayers  deposited  on  different  buffer 
layers.  As  seen  in  Fig.  4,  the  best  square  loop  is  achieved  in 
the  multilayer  film  grown  at  250  °C  on  an  Al-100  A  buffer 
layer  deposited  at  room  temperature.  High  Kerr  rotations  of 
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FIG.  4.  Kerr  hysteresis  loops  of  [Pd-3  A/(Pt-2  A/Co-3  A/Pt-2  A)]8 
multilayer  films  deposited  on  oxidized  Si  with  (a)  Pd/Pt,  (b)  Au,  (c)  Al,  and 
(d)  Ag  buffer  layers. 


0.41°  in  the  blue  light  regime  and  0.32°  at  800  nm  wave¬ 
length  are  observed  for  the  Pd/(Pt/Co/Pt)  multilayer  film  de¬ 
posited  at  350°  on  an  Al-100  A  buffer  layer.  A  detailed  study 
of  the  wavelength  dependencies  of  the  Kerr  rotations  for 
films  deposited  with  various  kinds  of  buffer  layers  will  be 
reported  elsewhere. 

It  is  known  that  not  only  the  crystallographic  properties 
of  substrates  significantly  affect  many  properties  of  depos¬ 
ited  films,  but  also  the  chemical  properties  of  the  substrates 
determine  film  growth  models,  such  as  layer-by-layer 
growth,  island  growth  and  the  combination  of  them.  The  use 
of  buffer  layers  can  improve  both  crystallographic  and 
chemical  compatibility  between  films  and  substrates.  Usually 
ideal  square  magnetic  hysteresis  loops  reflect  a  high  degree 
of  uniformity  of  the  film  structures.  In  this  regard,  two  ex¬ 
treme  cases  are  amorphous  and  single-crystal  films.  Thus, 
films  deposited  on  Al  buffer  layers  should  have  superior 
crystalline  quality  compared  to  those  films  grown  on  other 
buffer  layers.  Since  all  multilayers  grown  on  glass,  Si,  and 


oxidized  Si  with  Al  buffer  layers  exhibit  ideal  square  Kerr 
hysteresis  loops,  the  chemical  properties  of  Al  should  play  a 
more  important  role  in  promoting  the  growth  of  the  superlat¬ 
tice  structure  than  its  crystallographic  properties. 

STM  and  AFM  analyses  indicate  that  multilayers  grown 
on  Al  buffer  layers  have  smooth  surface  morphologies,  while 
films  deposited  on  Au  and  Pd/Pt  buffer  layers  exhibit  big 
grain  structures  and  relatively  rough  surface  morphologies.  It 
is  noted  that  those  films  with  large  grain  structures  usually 
have  high  coercivities.  This  observed  correlation  between 
large  grains  and  high  coercivities  is  consistent  with  our  pre¬ 
vious  results.7 

IV.  SUMMARY 

A  magnetic  reorientation  from  a  perpendicular  anisot¬ 
ropy  to  an  in-plane  anisotropy  has  been  observed  at  tempera¬ 
tures  close  to  Tcs  in  the  Pd/(Pt/Co/Pt)  modulated  multilayer 
films.  This  magnetic  reorientation  may  be  caused  by  the 
large  entropy  for  the  in-plane  magnetization  which  becomes 
more  important  at  elevated  temperatures  or  by  the  competi¬ 
tion  between  uniaxial  anisotropy  and  shape  anisotropy.  The 
use  of  Al  buffer  layers  improves  both  squareness  and  Kerr 
rotation  of  the  Pd/(Pt/Co/Pt)  multilayers.  This  may  be  due  to 
the  suitable  chemical  and  crystallographic  properties  of  Al 
which  promote  superior  growth  of  the  superlattice  structure 
resulting  in  an  ideal  squareness  of  Kerr  hysteresis  loop  and  a 
high  Kerr  rotation  of  0.41°  in  the  blue  light  regime. 
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We  have  investigated  the  local  structural  anisotropy  of  Tb/Fe  multilayers  using  linear  polarized 
synchrotron  radiation.  X-ray  absorption  measurements  were  performed  at  Fe  K  edge  (7.1  keV)  using 
normal  and  glancing  angle  incident  photon.  From  the  Fe  extended  x-ray  absorption  fine  structure 
(EXAFS),  the  local  structural  anisotropy  was  found  for  all  multilayers  as  a  slight  difference  of 
oscillation  amplitude  between  the  two  incident  directions.  From  the  Fourier  transformed  EXAFS 
spectra,  it  is  found  that  the  local  structural  anisotropy  shows  the  maximum  at  bilayer  period  of  about 
1  nm,  where  perpendicular  magnetic  anisotropy  also  shows  the  maximum  value  in  various 
rare-earth/transition  metal  multilayers.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)35508-6] 


I.  INTRODUCTION 

Rare-earth-transition  metal  (RE-TM)  amorphous  alloys 
have  been  studied  for  magneto-optical  (MO)  recording  me¬ 
dia,  and  the  origin  of  their  perpendicular  magnetic  anisotropy 
has  been  debated  with  great  interest.1,2  Now,  the  problem 
still  of  the  magnetic  anisotropy  of  RE-TM  amorphous  alloys 
is  still  being  discussed  and  several  models  are  proposed.3,4 
But  the  relationship  between  the  structure  and  magnetic 
properties  are  still  unclear  because  the  structural  analysis  of 
RE-TM  alloys  is  difficult  due  to  the  structural  complexity  of 
the  amorphous  state.  Extended  x-ray  absorption  fine  struc¬ 
ture  (EXAFS)  spectroscopy  is  a  useful  probe  providing  the 
informations  of  short-range  atomic  structures.  In  the  EXAFS 
spectroscopy,  highly  polarized  synchrotron  radiation  gives  an 
opportunity  for  the  angular-resolved  analysis  of  a  disordered 
structure.  Recent  EXAFS  study  indicated  that  the  magnetic 
anisotropy  in  amorphous  RE-TM  alloys  is  correlated  with 
the  local  structural  anisotropy.5,6 

In  our  previous  work7-9  as  well  as  in  Ref.  10,  the  mag¬ 
netic  anisotropy  of  RE/TM  multilayers  was  found  to  change 
with  the  bilayer  period  showing  the  maximum  at  bilayer  pe¬ 
riods  of  around  1  nm.  In  order  to  study  this  behavior  from 
the  viewpoint  of  the  local  structure,  we  have  investigated  the 
local  structural  anisotropy  of  amorphous  Tb/Fe  multilayers, 
especially  its  dependence  on  the  bilayer  period  utilizing  the 
EXAFS  spectroscopy  with  linear  polarized  synchrotron  ra¬ 
diation.  In  this  article  preliminary  results  of  EXAFS  analysis 
is  presented. 

II.  EXPERIMENT 

The  aim  of  this  study  is  to  confirm  the  dependence  of 
structural  anisotropy  on  bilayer  period.  So,  multilayers  with 
various  bilayer  periods  and  an  alloy  film  for  comparison 
were  prepared  by  rf  magnetron  sputtering  method,  where  Ar 
gas  pressure  and  deposition  rate  were  30  mTorr  and  about 
2.4  A/s,  respectively.  The  bilayer  period  was  controlled  by 
the  rotation  speed  of  the  substrate  holder.  All  samples  were 
deposited  on  the  76.5-/um-thick  polyimide  substrate  with 
Si3N4  under  and  over  layers  to  prevent  the  magnetic  layers 
from  the  oxidation.  The  total  thickness  of  magnetic  layers  in 


all  films  was  about  240  nm.  The  content  of  Tb  in  both  alloy 
and  multilayers  is  35  at.  %  and  the  thickness  ratio  of  Tb  to  Fe 
in  multilayers  is  about  1.1:1.  Composition  analysis  was  per¬ 
formed  by  electron  probe  microanalysis  (EPMA),  and  multi¬ 
layered  structures  were  confirmed  by  small-angle  x-ray  dif¬ 
fraction. 

X-ray  absorption  measurements  were  carried  out  utiliz¬ 
ing  the  simple  transmission  mode  with  two  ionization  cham¬ 
bers  with  a  Si(lll)  double-crystal  monochromator.  Several 
sheets  of  samples  were  piled  up  to  a  suitable  absorption 
length  of  about  5  fim.  In  order  to  obtain  the  structural  an¬ 
isotropy,  x-ray  absorption  measurements  were  performed 
with  two  sample  directions,  where  the  film  plane  was  put  in 
perpendicular  ( E  in-plane)  to  or  almost  parallel  (10°,  E  out- 
of-plane)  to  the  incident  photon.  EXAFS  measurement  were 
carried  out  for  Fe  K  edge  and  Tb  L3  edge.  Here  only  results 
for  Fe  K  edge  are  reported.  It  was  difficult  for  Tb  L3  edge  to 
analyze  the  data  because  of  the  low  S/N  ratio. 

III.  RESULTS  AND  DISCUSSION 

Compositionally  modulated  structure  was  confirmed 
from  the  diffraction  peaks  of  the  small-angle  x-ray  diffrac¬ 
tion.  As  shown  in  Fig.  1,  low-angle  peaks  were  observed  in 
the  Tb/Fe  multilayers  with  bilayer  periods  thicker  than  1  nm. 
In  the  case  of  glass  substrate,  higher-order  peaks  were  clearly 
shown  in  x-ray  diffraction  patterns,9  while  in  this  study, 
higher-order  peaks  do  not  appear  even  if  the  bilayer  period  is 
as  thick  as  3.7  nm.  This  might  be  due  to  the  difference  of 
flatness  of  interface  of  multilayers  between  glass  and  poly¬ 
imide  substrates.  However,  it  is  supposed  that  the  multilayers 
grown  on  polyimide  substrates  locally  keep  the  multilayered 
structure  in  the  same  manner  as  those  on  glass  substrates.  In 
high-angle  x-ray  diffraction  patterns,  no  apparent  peak  was 
observed  except  for  the  hallow  centered  at  about  25°  from 
the  polyimide  substrate. 

The  Fe  EXAFS  oscillations  presented  in  Fig.  2  are  gen¬ 
erated  by  the  theoretical  background  subtraction  from  the 
raw  absorption  spectra  and  are  weighted  with  k3.  E  in-plane 
denotes  the  film  plane  structure  and  E  out-of-plane  denotes 
the  structure  almost  perpendicular  to  the  film  plane. 
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FIG.  1.  Small-angle  x-ray  diffraction  patterns  of  Tb/Fe  multilayers,  where  A 
is  bilayer  period. 

As  shown  in  Fig.  2,  the  shape  of  Fe  EXAFS  oscillations 
observed  for  Tb/Fe  multilayer  and  alloy  films  are  similar  to 
each  other.  In  this  figure,  oscillation  amplitudes  are  found  to 
begin  decreasing  at  k~  8  (1/A)  in  contrast  to  pure  Fe  EXAFS 
which  represents  strong  oscillation  up  to  fc~15(l/A).  This 
suggests  that  the  sample  structure  is  in  amorphous  state. 

It  is  also  found  that  the  frequency  of  the  oscillations  for 
all  films  is  almost  the  same.  This  implies  that  the  distances 
between  the  absorbing  and  backscattering  atoms  are  almost 
the  same  for  all  multilayers.  Whereas,  slight  structural  an¬ 
isotropy  is  seen  in  all  multilayers  as  the  difference  in  peak  to 
peak  amplitude  between  E  in-plane  and  E  out-of-plane  os- 


Wave  vector  (1/A) 

FIG.  2.  Fe  EXAFS  oscillations  measured  for  Tb/Fe  multilayer  and  alloy 
films. 


Radial  coordinate  (A) 

FIG.  3.  Fourier  transformed  Fe  EXAFS  measured  for  Tb/Fe  multilayer  and 
alloy  films. 


cillations,  while  no  difference  is  found  in  the  alloy  film.  This 
shows  that  structural  anisotropy  is  induced  in  the  amorphous 
multilayers. 

In  this  study,  structural  anisotropy  was  not  found  in  the 
alloy  film,  while  considerable  structural  anisotropy  was  ob¬ 
served  by  Harris  et  al.5,6  This  difference  may  suggest  that  the 
anisotropic  structure  of  amorphous  RE-TM  alloy  and  multi¬ 
layers  is  sensitive  to  the  preparation  conditions.  We  have 
made  the  samples  of  35  at.  %  Tb  by  the  rf  magnetron  sput¬ 
tering  onto  polyimide  substrates,  while  Harris  et  al  made 
experiment  on  the  samples  with  less  than  26  at.  %  Tb  by  the 
ion  beam  sputtering  onto  glass  substrates,  where  incident 
atom  energy  is  much  higher  than  our  case  and  this  will 
strongly  affect  the  film  structure. 

The  Fourier  transformed  (FT)  Fe  EXAFS  spectra  de¬ 
rived  from  fc-space  Fe  EXAFS  signals  in  Fig.  2  are  shown  in 
Fig.  3.  The  FT  EXAFS  is  directly  related  to  the  local  envi¬ 
ronment  around  the  central  Fe  atom  in  real  space.  It  is  seen 
that  a  broad  nearest-neighbor  peak  is  centered  at  about  2  A 
for  all  multilayer  and  alloy  films.  These  peak  positions  are 
thought  to  be  shifted  0.4 -0.5  A  from  the  actual  distances 
owing  to  the  effect  of  the  atomic  potentials  on  the  photoelec¬ 
tron  wave  function.11  In  the  case  of  this  study,  the  actual 
distance  between  the  absorbing  atom  and  nearest  neighbors 
is  estimated  to  be  about  2.4-2.S  A.  This  means  that  the 
nearest  neighbors  are  Fe  atoms  judging  from  the  atomic  radii 
of  constituent  atoms,  Fe~1.24  A  and  Tb~1.78  A. 

We  can  further  estimate  from  the  difference  of  the  shape 
of  FT  EXAFS  between  E  in-plane  and  E  out-of-plane  spec¬ 
tra.  It  can  be  seen  in  Fig.  3  the  peak  height  is  slightly  differ¬ 
ent  between  the  two  cases.  This  difference  shows  the  pres¬ 
ence  of  the  structural  anisotropy.  If  we  assume  the  Debye- 
Waller  like  factors  for  each  directions  are  the  same,  it  can  be 
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FIG.  4.  Normalized  structural  anisotropy  of  Tb/Fe  multilayers  and  perpen¬ 
dicular  magnetic  anisotropy  of  NdTb/FeCo  multilayers  as  a  function  of  bi¬ 
layer  period. 


considered  the  structural  anisotropy  is  mainly  due  to  the  dif¬ 
ference  of  Fe-Fe  nearest-neighbor  coordination,  since  both 
the  position  and  half  width  are  almost  the  same  for  each 
directions.  The  structural  anisotropy  is  seen  to  increase  up  to 
the  bilayer  period  of  around  1  nm  and  then  decrease.  This 
behavior  may  be  explained  by  the  interlayer  mixing  of  about 
1  nm  thick  existing  in  the  multilayers,  considering  the  results 
of  small-angle  x-ray  diffraction  measurement.  When  the  bi¬ 
layer  period  is  less  than  the  thickness  of  interlayer  mixing, 
the  structural  anisotropy  increase  with  increasing  bilayer  pe¬ 
riod.  While,  when  the  bilayer  period  become  larger  than  the 
thickness  of  interlayer  mixing,  the  each  layer  approaches 
pure  metal  and  the  local  structural  anisotropy  will  go  down. 

The  dependence  of  the  local  structural  anisotropy  on  the 
bilayer  period  is  shown  in  Fig.  4  together  with  that  of  the 
perpendicular  magnetic  anisotropy  measured  in  our  previous 
work.7-9  Here  the  structural  anisotropy  is  quantitatively  ex¬ 
pressed  as  the  difference  of  the  peak  height  of  FT  EXAFS 
normalized  by  those  of  E  in-plane  spectra.  It  is  thought  that 
the  enhanced  perpendicular  magnetic  anisotropy  in  RE/TM 
multilayers  is  strongly  correlated  with  the  enhanced  local 
structural  anisotropy. 


Comparing  the  results  of  EXAFS  experiment  with  those 
of  the  small-angle  x-ray  diffraction,  it  is  noted  that  both  the 
magnetic  and  the  structural  anisotropy  become  the  maximum 
when  the  small-angle  diffraction  peaks  become  so  small  that 
only  the  first  peak  is  detected. 

IV.  CONCLUSION 

The  dependence  of  structural  anisotropy  on  bilayer  pe¬ 
riod  have  been  studied  for  Tb/Fe  multilayers.  The  structural 
anisotropy  shows  the  maximum  at  bilayer  period  of  around  1 
nm.  The  dependence  of  local  structural  anisotropy  on  the 
bilayer  period  well  corresponds  to  that  of  the  perpendicular 
magnetic  anisotropy.  It  seems  that  the  structural  anisotropy 
and  the  perpendicular  magnetic  anisotropy  become  their 
maximum  when  the  bilayer  period  is  roughly  equal  to  the 
thickness  of  interlayer  mixing. 
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For  Tb-Fe-Co(MO)/Al  bilayered  films,  dependence  of  perpendicular  magnetic  anisotropy  constant 
Kui  on  MO  layer  thickness  rM0  of  3-300  nm  and  Al  layer  thickness  f  A1  of  5  and  100  nm  has  been 
investigated.  For  either  tAl ,  easy  magnetization  direction  was  normal  to  film  plane  at  fM0  above  4 
nm.  Ku i  of  films  with  tA]  of  5  nm  increased  drastically  with  increasing  tM0  for  tMO<l0  nm  and  then 
assumed  a  constant  value  of  4X 106  erg/cm3  which  is  two  times  larger  than  that  with  tAl  of  100  nm. 

This  difference  in  Ku±  between  them  may  be  attributed  to  stress  induced  anisotropy.  Estimation  of 
rotational  hysteresis  loss  Wr  and  its  integral  R  suggests  that  the  mechanism  of  magnetization 
reversal  may  be  attributed  to  incoherent  curling  mode.  ©  1996  American  Institute  of  Physics. 
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INTRODUCTION 

Amorphous  films  of  rare  earth-transition  metal  (RE-TM) 
alloy  such  as  Tb-Fe-Co  and  Gd-Tb-Fe  are  commonly  used 
for  magneto-optical  storage  media.  However,  high  storage 
capacity  and  direct  overwriting  system  are  required  in  order 
to  use  effectively  the  magneto-optical  disks.  For  this  pur¬ 
pose,  the  multilayered  films  composed  of  many  ultrathin  lay¬ 
ers  of  these  RE-TM  alloys  are  of  great  current  interest  for 
fundamental  studies  and  practical  uses.1'4  In  the  multilay¬ 
ered  films,  a  large  perpendicular  magnetic  anisotropy  con¬ 
stant  Ku i  is  essential  to  obtain  the  minimum  size  and  good 
regularity  of  reversed  magnetic  domains  written  in  the 
RE-TM  alloy  films. 

There  are  only  a  few  reports1,3,4  on  the  perpendicular 
magnetic  anisotropy  in  nanometer-thick  Tb-Fe-Co  films.  The 
authors  have  found  that  the  strong  Kerr  rotation 
enhancement5,6  was  observed  at  the  short  wavelength  of  400 
nm  and  Tb-Fe-Co(MO)  layer  of  thickness  rM0  below  10  nm 
in  the  MO/A1  bilayered  films  deposited  by  the  facing  targets 
sputtering  (FTS)  apparatus. 

In  this  study,  the  perpendicular  magnetic  anisotropy  was 
investigated  for  the  MO/A1  films  with  various  fM0  of  3-300 
nm  and  the  Al  layer  thickness  tM  of  5  and  100  nm.  In  addi¬ 
tion,  the  rotational  hysteresis  loss  Wr  was  measured  for  the 
specimen  films  with  tMO  of  5-9  nm  and  was  related  to  the 
mechanism  of  magnetization  reversal. 

EXPERIMENTALS 

The  Tb-Fe-Co(MO)/Al  bilayered  films  were  deposited 
on  plasma-free  glass  slide  substrates  using  the  facing  targets 
sputtering  (FTS)  apparatus.5"7  Both  layers  were  deposited  at 
the  Ar  pressure  PM  of  0.5  mTorr.  Deposition  rates  of  MO 
and  Al  layers  were  100  and  50  nm/min,  respectively.  The 
thickness  of  MO  layer  rM0  was  varied  in  range  from  3  to  300 
nm  and  that  of  Al  layer  *A1  was  5  and  100  nm.  Magnetic 
measurements  were  performed  using  a  vibrating  sample 
magnetometer  (VSM)  and  a  torque  magnetometer  with  mag¬ 


netic  fields  Hm  up  to  15  kOe.  The  perpendicular  magnetic 
anisotropy  constant  Ku ±  was  determined  by  the  method  pro¬ 
posed  by  Miyajima  et  al} 

RESULTS  AND  DISCUSSION 

The  composition  of  TbFeCo(MO)  layer  was  Fe-Co 
richer  side  of  the  compensation  composition.  The  coercivity 
Hc  of  MO  layers  ranged  from  1.08  to  7.8  kOe. 

All  the  MO/A1  bilayered  films  with  MO  layer  thickness 
tM0  above  4  nm  showed  the  rectangular  Kerr  hysteresis 
loops. 

Figure  1  shows  the  *M0  dependence  of  Ku±  for  the  Al 
layer  thickness  tAl  of  5  and  100  nm.  For  either  tM,  Ku± 
increased  drastically  with  increasing  tMO  for  rMO<10  nm  and 
then  assumed  almost  constant  value  at  tM0  above  15  nm.  The 
constant  value  of  Ku ±  for  tAl  of  5  nm  was  found  to  be  about 
4X 106  erg/cm3  which  is  two  times  larger  than  that  for  tAl  of 
100  nm.  Thus  the  easy  magnetization  direction  was  perpen¬ 
dicular  to  the  film  plane  at  tMO  of  greater  than  about  4  nm  for 
either  t A1 .  As  described  in  the  previous  paper,6  Kerr  rotation 
angle  6k  at  wavelength  of  400  nm  took  a  sharp  maximum 
peak  at  tM0  of  5  nm  where  Ku±  changed  drastically.  The  tM0 


FIG.  1.  Thickness  (fM0)  dependence  of  perpendicular  anisotropy  constant 
Ku i  for  tM  of  5  and  100  nm. 
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FIG.  2.  Torque  curves  for  specimen  films  with  tM0  and  rAI  of  5  nm  at 
various  magnetic  fields  Hm  . 


value  of  4  nm  is  in  agreement  with  the  minimum  thickness  of 
Tb-Fe  layer  for  which  the  easy  magnetization  direction  is 
normal  to  the  film  plane  in  the  Tb-Fe/SiO  multilayers.9 
Moreover,  the  tM0  value  was  comparatively  close  to  the 
grain  size  (~8  nm)  observed  in  the  dense,  uniform  and  col¬ 
umnless  Tb-Fe-Co  films.7 

The  difference  in  Ku±  between  the  films  with  tAl  of  5  and 
100  nm  could  be  attributed  to  the  inverse  magnetostriction 
effect.  Kui  may  be  considered  to  be  the  sum  of  Ku  and 
ATJME],  where  Ku  in  is  due  to  the  atomic  ordering  or  single¬ 
ion  anisotropy  and  £„[ME]  is  due  to  magnetoelastic  energy. 
XjME]3'4  is  defined  as  -(3/2) -A .  a,  where  X  is  magneto¬ 
striction  constant10  and  has  a  positive  value  of  the  order  of 
10~4,  and  a  is  the  internal  stress  of  compression  or  tension. 
In  this  study,  a  for  the  50-nm-thick  Tb-Fe-Co  layers  depos¬ 
ited  at  Ar  pressure  of  0.5  mTorr  was  compressive,  i.e.,  nega¬ 
tive  value  of  order  of  109  dyne/cm2. 

When  the  A1  layer  with  tA1  of  100  nm  is  deposited  on  the 
Tb-Fe-Co  layer  with  tM0  above  20  nm,  the  resultant  stress 
may  approach  close  to  zero,  because  the  stress  in  A1  layer  is 
tensile,11  i.e.,  positive  value  of  109  dyne/cm2.  On  the  other 
hand,  for  tM  of  5  nm,  the  resultant  stress  seems  to  be  com¬ 
pressive,  i.e.,  negative,  because  the  stress  in  A1  layer  with  tM 
of  5  nm  is  negligibly  small.  Thus,  the  difference  in  Ku ± 
between  the  films  with  different  tA1  can  be  attributed  to 
mainly  to  magnetoelastic  energy  Xf„[ME]. 

In  order  to  determine  the  rotational  hysteresis  loss  Wr , 
the  clockwise  and  anticlockwise  torque  curves  for  several 
specimen  films  were  measured  at  various  magnetic  fields 
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Hm  (kOe) 

FIG.  3.  Hm  dependence  of  rotational  hysteresis  loss  W,  for  specimen  film 
with  tM0  and  ?ai  of  5  nm. 


Figure  2  shows  the  typical  different  torque  curves  of  the 
specimen  film  with  t Mo  and  tM  of  5.0  nm.  As  seen  in  this 
figure,  the  rotational  hysteresis  loops  were  observed  at  Hm  of 
0.75,  1.25,  and  2.50  kOe,  while  they  were  not  observed  at 
Hm  of  15  kOe.  Wr  is  defined  as 


where  L  is  the  torque  of  the  specimen  film  and  <f>  is  the  angle 
between  the  magnetic  field  Hm  and  the  easy  magnetization 
direction  normal  to  the  film  plane. 

Figure  3  shows  the  Hm  dependence  of  Wr  for  the  speci¬ 
men  film  with  tM0  and  tM  of  5  nm.  With  increasing  Hm,Wr 
rose  very  drastically  to  a  sharp  maximum  peak  at  Hm  of  1.2 
kOe  and  then  decreased  gradually  and  vanished  at  Hm  of 
about  15  kOe.  The  Hm  corresponding  to  the  peak  Hm[peak] 
is  close  to  the  coercivity  Hc  of  the  specimen  film.  The  field 
at  which  Wr  reduces  to  zero  was  estimated  to  be  about  9.5 
kOe.  This  value  is  in  good  agreement  with  the  anisotropy 
field  Hk  corresponding  to  2KU±/MS.  Ku±  and  M ,  of  this 
specimen  film  were  1.93  X106  and  408  emu/cm3,  respec¬ 
tively. 

Similar  Wr  versus  Hm  curves  were  observed  in  the  speci¬ 
men  films  with  tM0  below  10  nm  and  H ,  of  about  1-2  kOe. 

The  rotational  hysteresis  integral,12 

was  calculated  for  the  specimen  films  with  tM0  and  tM  of  5 
nm.  The  value  of  R  was  evaluated  to  be  1.46  when  the  de¬ 
magnetizing  field13  of  4  ttM s  was  taken  into  consideration. 

Figure  4  shows  the  dependence  of  Wr/Ku  on  HJHk .  It 
revealed  a  sharp  maximum  peak  at  HJHk  of  about  0.14. 
These  results  suggest  that  the  mechanism  of  magnetization 
reversal  of  the  bilayered  films  may  be  explained  based  on  the 
incoherent  curling  mode  for  aligned  and  random  as- 
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FIG.  4.  Dependence  of  WrIKu  on  HJHk  for  specimen  films  with  tM0  and 
tM  of  5  nm. 


semblies  of  infinite  magnetic  cylinders.  These  results  seemed 
to  agree  well  with  those  of  the  Gd-Tb-Fe  films.14 

CONCLUSION 

The  Tb-Fe-Co(MO)/Al  bilayered  films  with  various  MO 
and  A1  layers  thicknesses,  tMO  and  fA1,  respectively,  have 
been  deposited  using  the  FTS  apparatus.  The  dependence  of 
perpendicular  magnetic  anisotropy  constant  Ku ±  on  tM0  and 
rA1  were  investigated.  At  tM  of  5  and  100  nm,  the  easy  mag¬ 
netization  direction  was  normal  to  the  film  plane  at  fM0 


above  4  nm.  The  results  of  evaluation  of  the  rotational  hys¬ 
teresis  loss  Wr  and  its  integral  R  suggest  that  the  mechanism 
of  magnetization  reversal  in  the  MO/A1  bilayered  films  with 
nanometer  thick  MO  layer  may  be  due  to  an  incoherent  curl¬ 
ing  mode. 

ACKNOWLEDGMENT 

The  authors  would  like  to  thank  E.  Itoh,  Toei  Industry 
Co.,  Ltd.  for  measurement  of  rotational  hysteresis. 

1Y.  Takeno,  M.  Suwabe,  and  K.  Goto,  J.  Magn.  Magn.  Mater.  93,  237 
(1991). 

2N.  Sato,  J.  Appl.  Phys.  59,  2514  (1986). 

3R.  Krishnan,  M.  Porte,  and  M.  Tesier,  J.  Appl.  Phys.  63,  2447  (1988). 
4H.  Karube,  K.  Matsumura,  and  0.  Okada,  J.  Magn.  Soc.  Jpn.  17,  Suppl. 
SI,  123  (1993). 

5K.  Song,  H.  Ito,  and  M.  Naoe,  J.  Magn.  Soc.  Jpn.  15,  Suppl.  SI,  185 
(1991). 

6K.  Song,  H.  Ito,  and  M.  Naoe,  IEEE  Trans.  Magn.  MAG-29,  3367  (1993). 
7H.  Ito,  M.  Yamaguchi,  and  M.  Naoe,  Mater.  Res.  Soc.  Symp.  150,  171 
(1989). 

8H.  Miyajima,  K.  Sato,  and  T.  Mizoguchi,  J.  Appl.  Phys.  47,  4669  (1976). 
9K.  Saito,  R.  Sato,  N.  Kawamura,  and  M.  Kajiwara,  Jpn.  J.  Appl.  Phys.  28, 
Suppl.  28-3,  3  (1989). 

10H.  Takagi,  S.  Tsunashima,  S.  Uchiyama,  and  T.  Fujii,  J.  Appl.  Phys.  50, 
1642  (1979). 

11 K.  L.  Chopra,  Thin  Films  Phenomena  (McGraw-Hill,  Florida,  1969),  p. 
304. 

12 R.  A.  McCurie  and  S.  Jackson,  J.  Appl.  Phys.  62,  627  (1987). 

13E.  R.  Wuori  and  J.  H.  Judy,  IEEE  Trans.  Magn.  MAG-21,  1602  (1985). 
14 1.  M.  Song,  S.  Ishio,  M.  Ishizuka,  T.  Tsunoda,  and  M.  Takahashi,  J.  Magn. 
Magn.  Mater.  119,  261  (1993). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Ito,  Song,  and  Naoe  6275 


Studies  of  anisotropic  and  giant  magnetoresistance 
in  Co/Cu(111)  epitaxial  multilayers 
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Co/Cu(lll)  multilayers,  [Co(17  A)/Cu(8  A<fCu<14  A)]30,  have  been  prepared  on  Co(70  A)  buffer 
layers  on  Al203(0001)  substrates  by  molecular  beam  epitaxy.  From  the  longitudinal  and  transverse 
magnetoresistance  (MR)  measurements,  it  is  observed  that  MRs  consist  of  two  components  with  a 
small  anisotropic  MR  (<2%)  component  at  low  field  sitting  on  top  of  the  giant  MR  (up  to  22%) 
component  at  higher  field.  The  AMR  effect  strongly  correlates  with  the  abundance  of  hep  stacking 
of  Co,  which  tends  to  decrease  with  the  increasing  of  Cu  spacer  thickness.  The  AMR  saturation 
fields  (1-3  kOe)  coincides  with  those  of  the  magnetization.  It  is  suggested  that  the  observed  AMR 
effect  is  due  to  scattering  from  the  hep-phase  Co  layers  in  the  multilayers.  This  together  with  the 
large  saturation  field  (30-40  kOe)  obtained  from  the  entire  MR  curves  indicate  that  the  observed 
GMR  effect  may  result  from  the  Co-Cu  interfacial  spin-dependent  scattering.  ©  1996  American 
Institute  of  Physics,  [S002 1-8979(96)24308-8] 


I.  INTRODUCTION 

Anisotropic  MR  (AMR^5%)  has  commonly  been  ob¬ 
served  in  pure  ferromagnetic  materials  for  many  years.1,2  Re¬ 
cently,  the  giant  magnetoresistance  (GMR)  in  magnetic  mul¬ 
tilayers  has  become  the  subject  of  considerable  interest  both 
from  scientific  and  advanced  technological  point  of  view.3"6 
Note  that  GMR  is  quite  different  from  AMR.  AMR  is  basi¬ 
cally  an  effect  due  to  the  spin-orbital  interaction,1,7  while 
GMR  effect  is  related  to  the  spin  configuration  change  of 
neighboring  ferromagnetic  layers  from  the  antiferromagnetic 
(AF)  coupling  state  to  the  ferromagnetic  (F)  coupling  state.8 
Further,  GMR  is  isotropic  with  respect  to  the  relative  direc¬ 
tion  between  the  field  H  and  current  /,  while  AMR  depends 
strongly  on  relative  direction  of  H  and  I. 

Giant  MR  (GMR)  was  first  realized  in  the  Fe/Cr 
multilayers.3  Accompanied  with  the  GMR  effect,  oscillatory 
exchange  coupling  phenomena  were  discovered  in  many 
magnetic  multilayers.6  Particularly,  Co/Cu  multilayers  have 
attracted  much  attention  because  of  the  giant  MR  values.  In 
addition,  Co/Cu  is  a  suitable  system  to  verify  the  mechanism 
of  oscillatory  exchange  coupling  because  of  the  relatively 
simple  nature  of  the  Cu  Fermi  surface.9  Although  GMR  ef¬ 
fect  is  widely  explained  in  correlation  with  the  spin  configu¬ 
ration  change  of  the  successive  ferromagnetic  layers,  increas¬ 
ing  evidences  were  shown,  however,  that  scattering  from 
interfacial  states  between  the  ferromagnetic  and  nonferro¬ 
magnetic  layers  could  be  more  important  for  GMR  effect  in 
some  multilayer  systems.3,10,11 

In  this  investigation,  we  report  the  structural  and  mag¬ 
netic  characterizations  of  Co/Cu(lll)  multilayers  prepared 
by  MBE.  The  effect  of  structure  upon  magnetic  and  magne¬ 
totransport  properties  has  been  systematically  studied. 

II.  EXPERIMENTAL  PROCEDURES 

The  epitaxial  Co/Cu(lll)  multilayers  presented  here 
were  grown  on  Co  buffer  layers  (70  A)  on  Al203(0001)  sub¬ 
strates  by  molecular  beam  epitaxy  (Vacuum  Product  model 
MBE-930)  system.  Pure  elements  (99.99%)  of  Co,  Cu  were 
evaporated  from  an  e-beam  evaporator  and  a  Knudsen  cell, 


respectively.  The  base  pressure  of  the  system  before  deposi¬ 
tion  was  less  than  4X10-10  Torr.  To  enable  the  growth  of 
high-quality  samples,  polished  and  epitaxial  grade  A1203 
substrates  were  chemically  precleaned  and  rinsed  in  an  ultra¬ 
sonic  cleaner.  They  were  then  outgassed  at  1000  °C  for  1  h 
under  ultra-high-vacuum  condition  in  the  MBE  chamber. 
Buffer  layers  of  70  A  Co  were  deposited  on  substrates  at 
about  400  °C  to  initiate  the  multilayer  growth.  The  deposi¬ 
tion  rates  for  Co  and  Cu  were  controlled  at  about  0.1  A/s.  A 
series  of  [Co(17  A)/Cu(/LCuA)]30  (with  the  Cu  spacer  layer 
thickness  tCu  designed  to  be  8,  10,  12,  and  14  A)  multilayers 
were  then  prepared  at  about  150  °C. 

The  surface  structures  of  the  films  were  in  situ  examined 
by  reflection-high-energy  electron-diffraction  (RHEED).  The 
bulk  structures  and  the  superlattice  period  were  determined 
by  x-ray  diffraction  (XRD).  The  magnetic  properties  and 
MRs  of  all  the  samples  were  studied  by  using  a  commercial 
(quantum  design)  SQUID  magnetometer  in  a  magnetic  field 
up  to  50  kOe  with  measuring  temperature  at  10  K.  MR  mea¬ 
surements  were  carried  out  by  standard  dc  four-point  probe 
technique  with  I  and  H  in  the  plane  of  the  layers.  Transverse 
and  longitudinal  MRs  were  measured  with  II H  and  /II//, 
respectively. 

III.  RESULTS  AND  DISCUSSIONS 

Figure  1  shows  a  typical  RHEED  pattern  of  fresh 
Cu(lll)  surface  during  the  growth  of  Co/Cu  multilayers. 
Similar  RHEED  feature  was  observed  on  the  growing  sur¬ 
face  of  Co.  As  can  be  seen  from  the  RHEED  pattern,  the 
crystal  surface  was  rather  smooth  and  nice  indicating  high- 
quality  epitaxial  multilayers.  Figures  2(a)-2(d)  show  the 
high-angle  XRD  spectra  for  the  Co/Cu(lll)  multilayers  for  a 
fixed  Co  thickness  of  17  A  and  variable  Cu  layer  thickness 
tCu  (in  one  bilayer).  To  avoid  the  enormous  Al203(0001)  sub¬ 
strate  peak  at  20—41°,  the  range  of  x-ray  spectra  is  limited  to 
above  42.5°.  The  large  peaks  located  at  about  20~43.7°, 
indexed  as  fcc(lll),  lie  in  between  the  positions  of  bulk  fee 
Cu(lll)  and  bulk  fee  Co(lll),  as  illustrated  in  the  inset  of 
Fig.  2.  The  fcc(lll)  peaks  are  likely  due  to  the  strain  effect 
between  the  Cu  and  Co  layers  with  close  lattice  parameters 
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FIG.  1.  Typical  RHEED  of  Cu(lll)  surface  view  along  [Oil]  direction 
during  the  growth  of  the  Co/Cu  multilayers. 


of  2.087  and  2.051  A.  Similar  strain  effect  was  also  found  in 
sputtered  Co/Cu  multilayers  in  the  other  work.12  The 
fcc(lll)  peak  slightly  shifts  toward  the  bulk  fee  Cu(lll) 
positions  as  tCu  increased  (see  Fig.  2).  By  average  each  shift 
corresponds  to  an  increase  of  the  interatomic  spacing  of 
about  2.2X10-3  A.  This  is  quite  reasonable  since  the  lattice 
parameter  of  fee  Cu  is  slightly  larger  than  that  of  the  fee  Co. 

Shown  in  Fig.  2  includes  the  satellite  peaks  (indexed  as 
S )  corresponding  to  the  periodicity  of  the  multilayers.  In  ad¬ 
dition,  for  each  XRD  spectrum  there  is  a  very  small  yet 
broad  peak  around  20—51°,  which  corresponds  to  the  posi¬ 
tion  of  the  fcc(200)  peak.  Interestingly,  one  can  also  observe 
a  rather  strong  peak  near  the  fcc(lll)  for  samples  (a)  and  (b). 
This  peak  coincides  with  the  position  of  bulk  hep  Co(0002). 
The  existence  of  hep  Co(0002)  phase  is  likely  due  to  a  large 
concentration  of  stacking  faults  in  the  multilayers.12  Further¬ 
more,  the  Co(0002)  peak  intensity  decreases  with  the  in¬ 
creasing  of  the  Cu  spacer  layer  thickness  for  the  multilayers 
(see  Fig.  2). 

Figures  3  (a) -3(c)  show  the  magnetization,  longitu¬ 
dinal  and  transverse  MRs  for  the  [Co(17  A)/Cu(10  A)]30 
multilayer.  Here  MR  is  defined  as  [R(H)-Rmin]/Rmin,  as 
usual,  where  Rmin  is  the  minimum  (at  saturated  field)  of  mea- 


26  (degree) 


FIG.  2.  High  angle  x-ray  diffraction  spectra  from  samples:  (a)  [Co(17  A)/ 
Cu(8  A)]30,o(b)  [Co(17  A)/Cu(10  A)]30,  (c)  [Co(17  A)/Cu(12  A)]30,  and 
(d)  [Co(17  A)/Cu(14  A)]30.  The  positions  corresponding  to  the  bulk  fee 
Cu(lll),  fee  Co(lll),  and  hep  Co(0002)  are  illustrated  by  the  vertical  lines. 
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FIG.  3.  The  magnetization  and  MR  as  a  function  of  applied  magnetic  field 
H  at  10  K  for  [Co(17  A)/Cu(10  A)]30  multilayer  showing  (a)  hysteresis 
loops  of  magnetization,  (b)  longitudinal  MR  (/If//),  and  (c)  transverse  MR 
(/!//). 


sured  electrical  resistance.  Basically,  both  longitudinal  and 
transverse  MRs  possess  almost  the  same  curves,  saturation 
field  (—30  kOe)  and  GMR  values  (up  to  about  11%)  for  field 
larger  than  3  kOe.  For  small  magnetic  field  (^3  kOe)  the 
longitudinal  MR  curve  exhibits  a  small  dip  (—0.5%,  nega¬ 
tive),  while  the  transverse  MR  curve  displays  a  sharp  spike 
(— 1%,  positive).  This  low  field  anisotropic  behavior  together 
with  the  obvious  hysteresis  for  both  MR  curves  correlate 
strongly  with  the  magnetization  loops,  as  shown  in  the  inset 
of  Fig.  3.  Note  that  this  AMR  phenomenon  has  a  strong  link 
with  the  hep  phase  of  Co  in  the  multilayers,  as  discussed 
below.  In  addition,  the  distinct  saturation  fields  for  the  mag¬ 
netization  (3  kOe)  and  the  entire  MR  curves  (30  kOe)  point 
to  the  separate  mechanisms  between  the  observed  GMR  ef¬ 
fect  and  the  bulk  scattering  from  the  magnetic  (Co)  layers. 
The  M-H  loop  shown  in  Fig.  3  indicates  that  the  magnetic 
layers  are  largely  ferromagnetically  coupled,  suggesting  that 
the  AF  coupling  between  the  magnetic  layers  may  not  be 
responsible  for  the  observed  GMR  effect.  Similar  result  was 
also  observed  by  Barlett  et  al  in  MBE  grown  Co/Cu(lll) 
multilayers.13  It  has  been  proposed  that  superparamagnetic 
states  at  the  interface,  for  the  Cu  conduction  electron  band 
being  patially  polarized  in  proximity  to  the  Co  layers,  are 
responsible  for  the  high  saturation  field  of  GMR  curves  in 
MBE  grown  Co/Cu  multilayers.13,15  We  thus  believe  that  in¬ 
terfacial  spin-dependent  scattering  appears  to  be  a  dominant 
factor  for  the  GMR  effect  in  the  Co/Cu(lll)  multilayers. 

Shown  in  Figs.  4(a) -4(d)  are  the  longitudinal  MR 
curves  for  sample  (a)  to  sample  (d)  with  increasing  rCu .  Note 
that  similar  features  of  longitudinal  and  transverse  MRs  in 
sample  (b)  also  exist  in  sample  (a).  Compared  to  sample  (b), 
sample  (a)  possesses  larger  GMR  saturation  field  (—40  kOe) 
and  smaller  AMR  (and  magnetization)  saturation  field  (— 1 
kOe),  as  shown  in  Figs.  4(a)-4(b).  The  AMR  effect  for 
sample  (a)  is  slightly  stronger  [than  sample  (b)]  with  the 
longitudinal  dip  (see  inset  of  Fig.  4)  and  transverse  spike 
each  of  about  1%.  On  the  other  hand,  the  AMR  effect  com¬ 
pletely  disappears  for  sample  (d)  [see  Fig.  4(d)],  that  is,  the 
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FIG.  4.  The  longitudinal  magnetoresistance  as  a  function  of  applied  field  at 
10  K  from  samples:  (a)  [Co(17  A)/Cu(8  A)]30,  (b)  [Co(17  A)/Cu(10  A)]30, 
(c)  [Co(17  A)/Cu(12  A)]30,  and  (d)  [Co(17  A)/Cu(14  A)]30. 

same  longitudinal  and  transverse  MRs  at  low  or  high  field 
(isotropic  GMR  behavior)  is  found.  For  sample  (c),  the  MR 
curve  [Fig.  4(c)]  appears  to  be  an  intermediate  configuration 
between  the  typical  pure  GMR  effect  [like  Fig.  4(d)]  and  the 
combination  of  the  AMR  and  GMR  effect  [like  Figs.  4(a) 
and  4(b)]. 

Finally  we  discuss  the  connection  between  the  observed 
AMR  effect  and  the  hep  phase  of  Co  in  the  multilayers.  By 
comparison  Figs.  4(a)-4(d)  with  the  XRD  spectra  in  Figs. 
2(a)-2(d),  it  is  quite  easy  to  see  a  trend  that  the  AMR  effect 
decreases  with  the  reducing  of  the  hep  Co(0002)  intensity.  It 
is  suggested  that  the  observed  AMR  effect  could  be  mainly 
due  to  scattering  from  the  hep  Co  layers  of  the  multilayers. 
The  strong  correlation  between  the  AMR  and  hep  phase  of 
Co  could  be  owing  to  the  dominance  of  the  anisotropic  effect 
of  the  hep  phase  (uniaxial  anisotropy)  over  than  that  of  the 
fee  phase. 14  So  far,  however,  we  are  not  able  to  quantitatively 
determine  the  ratio  of  the  fee  and  hep  phase  of  Co  in  the 
multilayers. 


In  summary,  we  have  presented  the  structural  and  mag¬ 
netic  characterizations  of  Co/Cu(lll)  epitaxial  multilayers.  A 
small  AMR  component  at  low  field  sitting  on  top  of  a  large 
GMR  component  extended  to  higher  field  has  been  observed. 
The  AMR  effect  strongly  correlates  with  the  abundance  of 
hep  stacking  in  the  Co  layers,  which  tends  to  decrease  with 
the  increasing  of  Cu  spacer  layer  thickness.  The  AMR  satu¬ 
ration  fields  coincides  exactly  with  those  of  the  magnetiza¬ 
tion.  It  appears  that  the  observed  AMR  effect  is  mainly  due 
to  the  scattering  from  the  hep-phase  Co  layers  in  the  multi¬ 
layers.  This  together  with  the  large  saturation  field  obtained 
from  the  entire  MR  curves  indicate  that  the  observed  GMR 
effect  may  result  from  the  Co-Cu  interfacial  spin-dependent 
scattering. 
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Effects  of  discharge  pressure  on  the  properties  of  Ag/Ni  superlattices 
prepared  by  facing-target  sputtering 

X.  T.  Zeng  and  H.  K.  Wong 

Department  of  Physics,  the  Chinese  University  of  Hong  Kong,  Shatin,  Hong  Kong 

Giant  magnetoresistance  (GMR)  effect  in  magnetic  multilayered  thin  films  is  strongly  affected  by 
interface  roughness.  We  prepared  [Ag/Ni]60  superlattices  on  Coming’s  7059  glass  substrates  using 
a  novel  facing-target  sputtering  method  and  observed  that  the  interface  roughness  can  be  controlled 
by  varying  the  discharge  pressure  (PAr).  The  samples  prepared  at  P^IO  mTorr  exhibit  sharpest 
interfaces,  good  (111)  texture,  and  largest  GMR  effects  (Aplps=9%  at  room  temperature).  Lower 
PAr  promotes  interface  mixing  while  higher  PAr  results  in  much  rougher  interfaces  and  emergence 
of  stmctural  defects.  Both  cases  weaken  the  antiferromagnetic  coupling  strength  and  thus  reduce  the 
MR  effect.  When  PAi>30  mTorr,  we  observed  a  further  degradation  of  the  multilayered  stmcture. 

The  GMR  effects  in  these  samples  disappeared.  Low-temperature  annealing  can  improve  the 
flatness  of  the  interfaces  and  film  structure,  while  higher-temperature  annealing  (>300  °C) 
decomposes  the  multilayer  structures.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)24408-4] 


I.  INTRODUCTION 

It  is  generally  believed  that  the  interface  roughness  in 
magnetic  multilayers  plays  an  important  role  in  the  spin- 
dependent  scattering  process.1-8  However  the  mechanisms 
involved  are  still  subject  to  discussions  since  the  scattering 
processes  at  the  interfaces  may  lead  to  an  increase  or  de¬ 
crease  of  the  giant  magnetoresistance  (GMR)  effects.1"8  For 
systems  like  Ag/Ni  or  Au/Ni  superlattices,  the  interfaces 
could  be  expected  to  be  shaip  as  the  constituents  are  mutu¬ 
ally  insoluble  even  in  the  liquid  state.9  Recently,  Rodmacq 
et  al  prepared  Ag/Ni  multilayers  by  sputtering  and  reported 
some  results  about  their  structure  and  magnetic  properties.4-6 
Here,  we  define  MR= A plps ,  where  ps  is  the  resistivity  at  the 
saturation  field.  T.  L.  Hylton  et  al.  reported  a  GMR  value  of 
6%  in  weak  magnetic  field  at  room  temperature  in  a  similar 
system:  Ag/Nig0Fe20  superlattices  and  they  attributed  the 
large  GMR  effect  to  a  discontinuous  multilayer  structure.7 
However,  R.  C.  Farrow  and  co-workers  have  also  obtained 
GMR  value  of  5.6%  in  low-field  Ag/permalloy  multilayers 
and  pointed  out  that  interface  roughness  can  deteriorate  the 
MR  effects.8  Because  of  this  controversy,  further  experi¬ 
ments  to  correlate  the  GMR  effects  with  multilayer  micro¬ 
structure  become  necessary. 

In  this  article,  we  prepared  the  multilayers  of  Ag/Ni  by  a 
facing-target  sputtering  (FTS)  method10,11  and  focused  on  the 
effects  of  the  argon  discharge  pressure  (PAr)  on  the  structure 
and  properties  of  the  films.  We  found  that  the  multilayers 
with  sharp  interfaces  have  large  MR  values.  X-ray  diffraction 
experiments  indicate  that  the  crystalline  AgNi  alloy  phase9 
may  be  formed  in  our  films  when  prepared  at  high-Ar  pres¬ 
sure. 

II.  SAMPLE  PREPARATION 

The  Ag/Ni  superlattices  were  deposited  in  a  sputtering 
system  equipped  with  four  FTS  guns.11  The  characteristics  of 
our  FTS  guns  and  the  sputtering  system  will  be  reported 
elsewhere.  Layers  of  Ag  and  Ni  were  alternatively  deposited 
on  chemically  cleaned  Coming’s  7059  glass  substrates  at 


room  temperature.  The  number  of  bilayers  for  each  samples 
was  fixed  at  60.  The  discharge  current  for  the  FTS  guns  were 
maintained  at  18  mA.  In  spite  of  such  a  low  sputtering 
power,  the  deposition  rates  were  not  low:  about  0.2  nm  s-1 
for  Ag  and  0.1  nm  s_1  for  Ni.  Although  the  discharge  voltage 
increases  at  decreasing  sputtering  pressure,  the  deposition 
rate  did  not  vary  significantly.  Some  of  the  samples  were 
annealed  in  a  vacuum  of  4X10-7  Torr. 

III.  STRUCTURAL  STUDY 

The  Ag/Ni  samples  were  characterized  with  a  four  circle 
x-ray  diffractometer  using  Cu  Ka  x-rays.  X-ray  diffraction 
(XRD)  6-26  patterns  were  obtained  with  the  scattering  vector 
perpendicular  to  the  film  plane.  The  surface  morphology  of 
these  samples  was  examined  by  a  scanning  electron  micro¬ 
scope  (SEM).  Figure  1  shows  the  high-angle  XRD  patterns 
of  samples  prepared  at  different  PAr  with  a  nominal  compo¬ 
sition  modulation  of  [Ag  (1.2  nm)/Ni(0.81  nm)]60.  These 
patterns  have  an  average  Bragg  peak  (111)#  at  20—40°, 
flanked  by  a  few  satellite  peaks.  The  (111)5  position  depends 
slightly  on  the  discharge  pressure.  No  crystallites  with  other 
orientations  were  observed  except  for  those  samples  pre¬ 
pared  at  PArs=30  mTorr.  For  the  samples  deposited  at  5  and 
10  mTorr,  we  observed  the  second-order  satellite  peaks  in 
both  high-angle  and  low-angle  XRD  patterns,  clearly  indicat¬ 
ing  that  these  samples  have  sharper  interfaces.  Examination 
of  these  samples  with  an  SEM  also  shows  that  the  films 
prepared  at  lower  pressures  have  a  smoother  surface  than 
those  prepared  at  higher  pressures.  However  it  does  not  mean 
that  the  lower  the  sputtering  pressure,  the  better  the  sample 
quality.  In  fact,  the  sample  prepared  at  5  mTorr  has  a  slightly 
weaker  low-angle  satellite  peak  than  the  10  mTorr  sample 
indicating  that  the  5  mTorr  sample  has  a  layered  structure  not 
as  good  as  the  10  mTorr  sample.  This  can  be  attributed  to 
large  interface  mixing  induced  by  the  bombardment  of  the 
energetic  sputtered  particles. 

For  those  samples  prepared  at  PAr>30  mTorr,  only  weak 
first  order  satellite  peaks  could  be  observed.  The  same  char¬ 
acteristics  were  found  in  the  measurements  of  the  low-angle 
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FIG.  1.  XRD  patterns  of  [Ag/Ni]60  grown  at  different  discharge  pressures. 

satellite  peaks.  The  full- width  at  half-maximum  (FWHM)  of 
these  low-angle  diffraction  peaks  for  the  samples  prepared  at 
5-10  mTorr  is  much  smaller  than  that  for  the  samples  pre¬ 
pared  at  PAr> 20  mTorr.  That  means  that  low-pressure 
samples  possess  flatter  interfaces  than  the  high-pressure 
samples.  The  FWHM  of  the  (111)#  is  also  larger  for  samples 
prepared  at  higher  PAr  as  shown  in  Fig.  2.  Shown  on 
the  same  graph  is  the  pressure  dependence  of  the  plane 
spacing  d. 

The  roughness  of  the  interfaces  mainly  results  from  the 
dynamics  of  the  sputtered  particles  on  film  surface.  With  the 
increase  of  discharge  pressure,  the  sputtered  particles  scatter 
more  frequently,  which  results  in  a  kinetic  energy  loss.  The 
mobility  of  these  particles  deposited  on  the  substrate  is  sig¬ 
nificantly  reduced,  which  results  in  increasing  disorder  in  the 
atomic  arrangement  and  average  spacing  between  atomic 
planes.  This  is  supported  by  our  experiments  using  an  elec¬ 
tric  probe  to  characterize  the  FTS  discharge  plasma  at  differ¬ 
ent  conditions.12  It  is  also  expected  to  have  misfit  dislocation 
induced  by  large  lattice  mismatch  between  Ag  and  Ni.  Thus 
we  observed  that  for  Ag/Ni  superlattices  prepared  by  FTS 
technique,  there  exists  an  optimum  pressure  for  samples  with 
better  superlattice  structures.  We  will  see  later  that  the  pres¬ 
sure  dependence  of  MR  has  a  similar  characteristic. 

Other  than  the  rough  interfaces,  we  observed  a  new  dif¬ 
fraction  peak  in  the  XRD  spectra  for  samples  prepared  at 
PAt^30  mTorr.  This  new  diffraction  peak  was  found  to  po¬ 
sition  between  (111)5  peak  and  Ag(lll)  peak.  It  may  be 
attributed  as  a  new  phase  of  Ag^Ni^  alloy  as  observed 
recently  by  van  Ingen  et  al  using  pulsed  laser  deposition 
(PLD).9  Because  of  the  complete  immiscibility  between  Ag 
and  Ni,  it  is  not  expected  to  form  an  AgNi  alloy  phase  by 
ordinary  approach.  In  order  to  know  the  thermal  stability  of 
the  structure,  we  annealed  samples  at  different  temperatures 
( Ta )  in  high  vacuum  (4X1CT7  Torr)  for  30  min.  Figure  3 
shows  the  XRD  patterns  for  the  annealed  samples.  When 
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Pressure  (mTorr) 

FIG.  2.  Dependence  of  the  atomic  plane  spacing  and  width  of  Ag/Ni  (111)5 
average  peaks  on  the  discharge  pressure. 

annealed  at  Ta< 280  °C,  both  (111)5  peak  and  satellite  peaks 
gained  intensity  with  slightly  decreased  widths,  but  the  peak 
positions  remained  unchanged.  In  the  words,  the  crystal 
quality  and  the  interface  flatness  were  improved.  The  anneal¬ 
ing  shifted  the  new  peak  gradually  to  smaller  angle.  When 
7^  =  350  °C,  all  peaks  mentioned  above  disappeared  and  pure 
Ag(lll)  and  Ni(lll)  peaks  appeared  as  shown  in  Fig.  4. 
That  means  that  the  alloy  phase,  if  it  exists  in  the  samples,  is 
metastable  and  the  high-temperature  annealing  decomposed 
it  into  pure  Ag  and  pure  Ni  grains.  This  result  is  basically  in 
agreement  with  that  obtained  by  PLD.9 

IV.  MAGNETORESISTANCE 

The  magnetoresistance  (MR)  was  measured  by  the  stan¬ 
dard  4-point  probe  method  using  an  ac  measurement  current 
of  0.1  mA  and  a  lock-in  amplifier.  The  magnetic  field  ( B ) 
was  applied  parallel  to  the  film  plane  and  perpendicular  to 
the  electric  current.  The  MR  of  the  as-deposited  samples  was 
measured  at  room  temperature.  Here  MR=[p(Z?)-pJ/p5 . 
We  observed  an  oscillation  of  MR  with  the  increase  of  the 
Ag  layer  thickness  for  samples  prepared  at  5,  10,  and  20 
mTorr.  The  maximal  value  of  MR  for  all  samples  was 
achieved  when  the  thickness  of  Ag  layer  was  1 .2  nm.  The 
results  were  reproducible  with  a  deviation  of  MR  value  of 
about  1%  for  the  samples  with  the  same  prescribed  thick¬ 
ness.  Here  we  focus  attention  on  the  effect  of  the  discharge 
pressure  on  the  MR  value.  Figure  4  shows  the  variation  of 
magnetoresistance  with  discharge  pressure.  The  inset  shows 
the  dependence  of  the  magnetoresistance  on  magnetic  field. 
It  is  found  that  the  samples  prepared  at  PAr=  10  mTorr  have 
the  largest  MR=9%  and  the  largest  saturation  field.  When 
PAr= 5  mTorr,  MR  decreases  to  6.2%,  and  the  saturation 
field  dropped  by  about  one  third.  For  samples  prepared  at 
PAr=20  mTorr,  both  MR  and  saturation  field  rapidly  de- 
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FIG.  3.  XRD  patterns  of  the  sample  grown  at  30  mTorr  and  annealed  at 
different  temperatures,  (a)  As-deposited,  (b)  220  °C,  (c)  280  °C,  and  (d) 
350  °C. 
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creased.  For  samples  prepared  at  PAr— 30  mTorr,  no  MR 
effect  could  be  clearly  observed.  Fullerton  et  al  studied  the 
Fe/Cr  superlattices  at  PAr=4  and  12  mTorr,  and  concluded 
that  MR  is  enhanced  by  the  presence  of  interface  roughness.2 
Our  experiment  covered  a  wider  pressure  range.  We  found 
that  there  exists  an  optimum  pressure  for  preparation  of 
samples  with  sharp  interfaces  and  large  MR.  The  decrease  of 
MR  at  lower  pressure  was  attributed  to  an  increase  of  the 
interface  mixing  due  to  the  higher  energy  of  sputtered  par¬ 
ticles  at  lower  pressure.  The  increase  of  roughness  and 
atomic  disorder  in  the  layers  cause  a  large  fluctuation  of 
spacing  thickness  which  deteriorates  the  magnetic  coupling 
properties  of  the  layers  and  diminishes  the  MR  value.  This 
can  be  reflected  by  the  sample  resistivity.  With  the  increase 
of  the  pressure,  zero-field  resistivity  p0  varies  little,  but  satu¬ 
ration  field  resistivity  ps  obviously  increases.  This  indicates 
that  the  samples  prepared  at  high  PAr  have  many  structural 
defects  and  rough  interfaces  which  weaken  the  strength  of 
the  antiferromagnetic  (AFM)  coupling.  When  no  magnetic 
field  is  applied,  the  increasing  defect  resistance  is  partially 
compensated  by  the  decreasing  spin- dependent  scattering. 

V.  SUMMARY 

We  have  prepared  Ag/Ni  superlattices  at  different  dis¬ 
charge  pressures  on  Coming’s  7059  glass  substrates  by  a 
facing-target  sputtering  method.  Detailed  structural  and  elec¬ 
trical  measurements  indicate  that  there  exists  an  optimal  dis¬ 
charge  pressure  (~10  mTorr)  at  which  samples  can  be  pre¬ 
pared  with  sharp  interfaces,  good  (111)  texture,  large  MR 
(9%  at  room  temperature)  and  high  saturation  magnetic  field. 
Lower  discharge  pressure  causes  larger  mixing  of  Ag  and  Ni 


FIG.  4.  Variation  of  the  magnetoresistance  with  discharge  pressure.  The 
inset  shows  the  field  dependence  of  the  magnetoresistance. 

atoms  at  the  interfaces,  and  higher  pressure  results  in  much 
rougher  interfaces  and  emergence  of  structural  defects.  Both 
situations  weakened  the  AFM  coupling  and  decrease  MR. 
Low-temperature  annealing  can  improve  the  flatness  of  the 
interfaces  and  film  structure.  Annealing  at  temperatures 
higher  than  300  °C  decomposes  the  multilayered  structures. 
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Co/Cr  superlattices  with  Co  layer  thickness  of  15  A  and  Cr  layer  thickness  of  10  A  have  been 
successfully  grown  on  different  substrates,  such  as  MgO,  Si,  and  quartz,  by  molecular-beam-epitaxy. 
The  crystal  structure  of  all  samples  has  been  characterized  by  in  situ  reflection  high-energy  electron 
diffraction.  Both  magnetoresistance  (MR)  and  magneto-optical  Kerr  effect  (MOKE)  measurements 
were  used  to  analyze  the  magnetic  properties  of  these  samples.  Excellent  epitaxial  growth  of 
hcp-Co(  1 1 00)/bcc-Cr(211)  superlattices  grown  on  MgO(llO)  was  observed.  Co/Cr  superlattices 
were  poly  crystalline  when  grown  on  Si  and  amorphous  when  grown  on  quartz.  Isotropic  MRs  of 
less  than  1%  were  observed  for  all  polycrystalline  and  amorphous  Co/Cr  superlattices.  For 
Co(l  f00)/Cr(211)  superlattices  grown  on  MgO(llO),  a  transverse  MR  of  14.2%  and  longitudinal 
MR  of  0.67%  were  observed.  MOKE  hysteresis  loops  show  perpendicular  magnetization  for 
polycrystalline  Co/Cr  superlattices  grown  on  Si,  and  in-plane  isotropic  magnetization  for  amorphous 
Co/Cr  superlattices  grown  on  quartz.  MOKE  hysteresis  loops  for  Co/Cr  superlattices  grown  on 
MgO(llO)  show  strong  anisotropic  behavior  between  the  hard  and  easy  directions.  The  magnetic 
properties  of  Co/Cr  superlattices  are  strongly  influenced  by  the  crystal  structure  of  Co  and  Cr  which 
is  controlled  by  the  substrate.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)24508-0] 


I.  INTRODUCTION 

Since  the  discovery  of  giant  magnetoresistance  (GMR) 
phenomena,1-3  ferromagnetic  superlattices  have  attracted 
much  attention  for  both  fundamental  research  and  industrial 
applications.  Over  50%  GMR  of  Fe/Cr  or  Co/Cu  superlat¬ 
tices  have  been  found,  but  relatively  small  magnetoresistance 
(MR)  (<5%)  of  Co/Cr  superlattices  was  found.4-6  We  have 
known  that  the  GMR  effect  mainly  comes  from  the  coupling 
between  the  ferromagnetic  layers.  It  is  different  from  the 
anisotropic  magnetoresistance  (AMR)  in  ferromagnetic 
systems,7  where  magnetoresistance  depends  on  the  direction 
of  the  measurement.  It  has  also  been  noted  that  magnetic 
properties  may  be  influenced  by  electronic  structure,  which 
in  turn  depends  on  crystal  structure.  Since  crystal  anisotropy 
is  intrinsic  to  the  material,  it  may  effect  coupling  between  the 
ferromagnetic  layers  in  the  superlattice  and  both  MR  and 
magnetization  hysteresis  loop  may  have  strong  anisotropic 
behavior.  The  Co/Cr  system  is  suitable  for  the  study  of  the 
relationship  between  the  structure  and  the  magnetic  property 
because  of  its  varied  structural  and  magnetic  properties. 
Since  Co  has  a  very  strong  crystal  anisotropy,  we  may  also 
see  the  strong  effect  of  the  magnetocrystalline  anisotropy  on 
both  MR  and  magnetization  hysteresis  loop  measurements. 
For  isotropic  Co/Cr  superlattices,  we  expect  to  see  isotropic 
MRs  and  magnetization  hysteresis  loops. 

In  this  article,  we  report  measurements  of  MR  and 
magneto-optical  Kerr  effect  (MOKE)  hysteresis  loop  of  dif¬ 
ferent  structured  Co/Cr  superlattices  grown  on  different  sub¬ 
strates  by  molecular  beam  epitaxy  (MBE).  These  measure¬ 
ments  show  that  Co/Cr  superlattices  epitaxial  grown  on 
MgO(llO)  are  highly  anisotropic.  Large  transverse  MR 


(magnetic  field  along  the  in-plane  hard  axis,  Co[1120],  and 
current  along  the  in-plane  easy  axis,  Co[0001])  of  14.2%  and 
small  longitudinal  MR  (magnetic  field  and  current  both 
along  the  in-plane  hard  axis,  Co[  1 120])  of  0.67%  were  mea¬ 
sured,  and  MOKE  hysteresis  loops  also  show  strong  angular 
dependence.  Isotropic  MR  of  0.37%  and  MOKE  hysteresis 
loops  were  measured  on  amorphous  Co/Cr  superlattices 
grown  on  quartz.  Small  MR  of  0.13%  and  perpendicular 
magnetization  were  observed  on  polycrystalline  Co/Cr  super¬ 
lattices  grown  on  Si. 

II.  EXPERIMENT 

The  growth  of  the  superlattices  was  carried  out  by  a 
molecular  beam  epitaxy  system  (Eiko  EL- 10 A),  equipped 
with  three  independent  electron  beam  evaporators.  The  base 
pressure  of  the  system  is  lower  than  1X10-10  Torr.  During 
the  growth  of  the  superlattices,  the  pressures  were  kept  be¬ 
low  5X10-9  Torr,  and  the  growth  rates  were  kept  about  0.1 
A/s.  The  growth  rate  and  film  thickness  were  monitored  by  a 
quartz  crystal  thickness  monitor  (Leybold  Inficon  XTC).  A 
15  keV  reflection  high-energy  electron  diffraction  (RHEED) 
is  used  to  in  situ  examine  the  crystal  structure  of  the  film 
surface  throughout  all  growth.  MR  measurements  were  car¬ 
ried  out  by  the  conventional  four  probe  technique  in  a  mag¬ 
netic  field  up  to  50  kOe  in  a  SQUID  magnetometer  (Quan¬ 
tum  design  MPMS-5S).  Transverse  and  longitudinal  MRs 
were  measured  with  current  perpendicular  to  the  magnetic 
field  and  current  parallel  to  the  magnetic  field,  respectively. 
Magnetization  hysteresis  loop  observations  were  carried  out 
at  room  temperature  in  the  longitudinal  configuration  in  a 
magnetic  field  up  to  2  kOe  by  a  MOKE  system.  Two  con- 
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FIG.  1.  RHEED  patterns  of  (a)  Co(lfOO)  viewed  along  [1120]  of 
(Co 1 5  A/Crio  a)40  superlattices  on  MgO(llO),  (b)  Co  of  (Co15  A/Crio  a)40 
superlattices  on  Si(lll). 


figurations  of  MOKE  were  used:  the  longitudinal  MOKE 
(LMOKE)  in  which  magnetization  lies  both  in  the  sample 
surface  and  in  the  incident  plane,  and  the  polar  MOKE 
(PMOKE)  where  magnetization  is  perpendicular  to  the 
sample  surface  and  lies  in  the  incident  plane.  Prior  to  the 
deposition,  epitaxial  grade  substrates  were  outgassed  at 
900  °C  for  at  least  1/2  h  under  ultra-high  vacuum  in  the 
MBE  chamber.  The  substrate  temperatures  were  kept  be¬ 
tween  300  and  350  °C  during  the  deposition  to  reduce  the 
interdiffusion  at  the  interfaces. 

III.  RESULTS  AND  DISCUSSION 

The  crystal  structure  and  the  orientation  of  epitaxial 
growth  for  Co/Cr  superlattices  with  Co  layer  thickness  of  40 
A  on  MgO(llO)  have  been  reported  previously.8-11  The  unit 
cell  of  Co(lfOO),  4.07  A  X  2.51  A,  matches  perfectly  with 
that  of  Cr(211),  4.07  Ax2.50  A.  Even  though  the  unit  cell  of 
MgO(llO)  is  larger,  4.21  A  X  2.98  A,  there  still  exists  the 
epitaxial  relationship: 

Co(ll00)||Cr(211)||MgO(110),Co[1120]||Cr[lTT]||MgO[ll0], 

and 

Co[0001]||Cr[0ll]||MgO[001]. 

From  RHEED  observations,  as  shown  in  Fig.  1(a),  it  was 
confirmed  that  (Co15  A/Cr10  a)4o  superlattices  have  the  same 
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FIG.  2.  MOKE  hysteresis  loops  of  (Co15  A/Cr10  a)40  superlattices  on 
MgO(llO)  with  <£=( a)  0°,  (b)  15°,  (c)  30°,  (d)  45°,  (e)  60°,  (f)  75°,  and  (g) 
90°. 


crystal  structure  and  orientation  as  (Co40  A/Cr15  a)20-  Hcp- 
Co(l  100)/bcc-Cr(211)  are  the  crystal  structures  and  orienta¬ 
tions  of  Co/Cr  superlattices  grown  on  MgO(llO).  Co/Cr  su¬ 
perlattices  grown  on  Si  were  poly  crystalline,  according  to  the 
circle-like  RHEED  picture  shown  in  Fig.  1(b).  Samples 
grown  on  quartz  were  amorphous,  with  a  blur  picture  with  no 
specific  pattern  in  RHEED  (not  shown).  The  strong  aniso¬ 
tropic  behavior  of  Co(l  f00)/Cr(211)  superlattices  grown  on 
MgO(llO)  is  shown  in  Fig.  2.  A  series  of  longitudinal 
MOKE  hysteresis  loops  of  the  Co/Cr  superlattices  grown  on 
MgO(llO)  showed  that  not  only  in  the  shape,  but  also  the 
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FIG.  3.  (a)  LMOKE,  (b)  PMOKE  hysteresis  loops  of  (Co15  A/Crio  a)40  su¬ 
perlattices  on  quartz,  (c)  LMOKE,  (d)  PMOKE  hysteresis  loops  of 
(Co15  A/Crio  a)40  superlattices  on  Si(lll). 
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FIG.  4.  MRs  of  (Co]5  A/Cr10  a)40  superlattices  on  (a)  MgO(llO),  (b)  quartz, 
and  (c)  Si(lll). 

coercive  field  of  the  magnetization  hysteresis  loop  changed 
with  angle  (f>  from  easy  axis  {<j>—  0°)  to  hard  axis  (<fc=90°). 
The  azimuthal  angle  <£  is  the  angle  between  the  in-plane 
crystal  axis  Co[0001]  and  the  applied  magnetic  field.  The  tilt 
of  the  baseline  slope  comes  from  the  background  signal.  The 
nonangle-dependent  magnetization  behavior  of  Co/Cr  super¬ 
lattices  grown  on  Si  and  quartz  is  shown  in  Fig.  3.  From  the 
longitudinal  and  polar  MOKE  hysteresis  loops  in  Fig.  3(a) 
and  3(b),  Co/Cr  superlattices  grown  on  quartz  show  an  in¬ 
plane  ferromagnetic  magnetization,  instead  of  an  out-of- 
plane  magnetization.  The  Co/Cr  superlattices  grown  on  Si 
show  no  in-plane  magnetization,  see  Fig.  3(c)  (LMOKE),  but 
an  out-of-plane  magnetization,  as  shown  in  Fig.  3(d) 
(PMOKE).  Co/Cr  superlattices  grown  on  MgO(llO)  show 
strong  anisotropic  behavior  not  only  in  magnetization  but 
also  in  MR  measurements  with  transverse  MR  of  14.2%,  as 
shown  in  Fig.  4(a),  and  the  longitudinal  MR  of  0.67%  at  10 
K.  This  anomalous  anisotropic  MR  has  also  been  reported  in 
epitaxial  growth  of  Co/Cr  bilayer  films  on  MgO(llO).12  The 
crystal  anisotropy  of  the  Co  layers  and  the  spin  flip  of  the  Cr 
layers  may  be  responsible  for  those  results.  Amorphous 
Co/Cr  superlattices  grown  on  quartz  with  in-plane  isotropic 
magnetization  showed  a  small  MR  of  0.37%,  as  shown  in 


Fig.  4(b).  Poly  crystalline  Co/Cr  superlattices  grown  on  Si 
with  perpendicular  magnetization  also  showed  a  small  MR 
of  0.13%.  These  small  MRs  for  Co/Cr  superlattices  are  simi¬ 
lar  to  those  reported  previously.4"6 

IV.  CONCLUSION 

We  have  demonstrated  the  influence  of  different  crystal 
structure  and  orientation  on  the  magnetic  properties  of 
(Coi5  A^rio  a)40  superlattices.  Co/Cr  superlattices  grown  on 
quartz  were  amorphous  with  isotropic  magnetization  and 
small  MR(0.37%).  Co/Cr  superlattices  grown  on  Si  were 
polycrystalline  with  perpendicular  magnetization  and  also 
small  MR(0.13%).  Anisotropic  magnetization  and  MR  were 
observed  on  epitaxial  Co/Cr  superlattices  grown  on 
MgO(llO).  Large  transverse  MR  (14.2%)  of  Co(1100)/ 
Cr(211)  superlattices  may  result  from  the  crystal  anisotropy 
of  the  Co  layers  and  the  spin  flip  of  the  Cr  layers. 
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Magnetoresistance  in  NiFe/Au  multilayers  and  spin-valve  structures 
(abstract) 

K.  T.  Wu  and  R.  J.  Gambino 

Department  of  Materials  Science  and  Engineering,  State  University  of  New  York  at  Stony  Brook, 

Stony  Brook,  New  York  11794 

Permalloy  has  been  widely  studied  and  used  in  industry  for  magnetic  recording  heads  and  sensors. 

This  article  presents  a  study  of  the  magnetoresistance  of  (NiFe/Au)„  multilayer  films  and  NiFe/Au/ 
NiFe  sandwich  structures.  Gold  is  used  as  the  spacer  layer  because  of  its  low  solid  solubility  in  NiFe 
and  the  tendency  of  NiFe  and  Au  to  phase  separate.  Films  were  grown  by  dc  sputtering  with  a  series 
of  different  permalloy  and  Au  thickness.  In  the  multilayer  films,  the  thickness  of  permalloy  varies 
from  20  to  40  A  and  Au  varies  from  8  to  25  A.  A  difference  in  the  sign  and  magnitude  of 
magnetoresistance  for  transverse  and  longitudinal  field  directions  with  respect  to  current  indicates 
the  presence  of  anisotropic  magnetoresistance  (AMR)  effect.  The  magnitude  of  Ap/p  is  small 
because  of  shunting  by  Au  layers.  In  the  sandwich  structures,  the  thickness  of  permalloy  layers  is 
different  on  each  side  of  the  Au  and  varies  from  150  to  800  A.  The  Au  spacer  layer  varies  from  20 
to  60  A.  The  measurements  show  mainly  anisotropic  magnetoresistance.  There  was  a  small 
opposite  jump  at  ~8  Oe  on  resistivity  measurement,  which  indicates  spin  valve  effect  superimposed 
on  the  AMR  effect.  After  annealing,  the  change  in  magnetoresistance  is  much  more  sensitive  in  low 
field  —15  Oe,  a  property  which  is  critical  to  many  applications.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)81 108-1] 
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Temperature  dependence  of  the  pinning  field  and  coercivity  of  NiFe  layers 
coupled  with  an  antiferromagnetic  FeMn  layer 
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C.  Hou,  M.  R.  Parker,  S.  Gangopadhyay,  and  R.  Metzger 

Center  for  Mater,  for  Information  Technology,  University  of  Alabama,  Tuscaloosa,  Alabama  35487-0209 

The  pinning  field  Hp  (the  amount  of  the  shift  of  the  hysteresis  loops)  and  the  coercivity  Hc  of  the 
samples  of  the  form  glass/Ta  120  A/(Cu  100  A)/NiFe  75  A/FeMn  150  A/Ta  50  A  increase  almost 
linearly  with  decreasing  temperature  down  to  20  K,  below  which  Hc  increases  sharply.  The 
observed  strong  positive  correlation  between  Hp  and  Hc ,  seems  to  be  reasonably  explained  by  a 
combination  of  a  newly  developed  model  in  which  a  directional  distribution  of  the  pinning  field 
caused  by  a  random  distribution  of  the  crystalline  orientations  in  the  antiferromagnetic  FeMn  layer 
is  taken  into  account  and  Hoffmann’s  ripple  theory  in  which  the  local  anisotropy  is  assumed  to  be 
proportional  to  Hp,  although  the  sharp  increase  in  Hc  at  very  low  temperatures  remains  to  be 
explained.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)24608-7] 


I.  INTRODUCTION 

The  “spin  valve”  is  now  attracting  world  wide  interest 
because  of  its  high  potential  to  be  applied  in  the  most  ad¬ 
vanced  type  of  magnetic  sensors  such  as  read  heads  for  high 
density  magnetic  recording.  In  a  spin  valve  structure  in 
which  an  antiferromagnetic  (AF)  layer  is  employed  for  pin¬ 
ning  the  magnetization  of  one  of  the  two  ferromagnetic  (F) 
layers,  which  lies  facing  the  other  F  layer  via  a  nonmagnetic 
metal  layer,  it  is  often  observed  that  the  pinned  F  layer  ex¬ 
hibits  a  substantially  higher  coercivity  than  its  intrinsic  coer¬ 
civity.  Although  there  have  been  quite  a  few  investigations 
about  the  interaction  between  ferromagnet  and  antiferromag- 
net  since  the  late  1950s,1-6  it  still  does  not  seem  to  be  fully 
understood.  Fulcomer  and  Charap2  proposed  a  model  to  ex¬ 
plain  the  temperature  and  frequency  dependence  of  the  hys¬ 
teresis  loop  displacement,  the  amount  of  which  is  to  be 
called  a  pinning  field  Hp  hereafter,  and  the  coercivity  Hc  .  In 
their  model,  the  switching  of  the  spins  in  the  AF  layer  which 
is  composed  of  tiny  particles  is  thought  to  be  responsible  for 
the  enhancement  of  Hc .  According  to  this  model,  the  pinning 
field  increases  with  decreasing  temperature,  but  the  coerciv¬ 
ity  is  expected  to  have  a  maximum  at  some  temperature  and 
then  decreases.  This  model  explained  some  of  the  experi¬ 
mental  results,  e.g.,  the  one  on  a  Co-CoO  system,7  fairly 
well.  Schlenker  et  al .,3  on  the  other  hand,  showed  that  in  a 
NiFe/FeMn  system  both  Hp  and  Hc  increased  monotonically 
with  the  decrease  of  temperature  down  to  10  K.  However, 
they  attributed  the  enhancement  of  the  coercivity  of  the  NiFe 
(F)  layer  in  the  system  to  an  irreversible  rotation  of  the  mo¬ 
ments  of  some  parts  of  the  FeMn  (AF)  layer. 

In  the  course  of  our  investigation  on  the  NiFe/Cu/NiFe/ 
FeMn-type  spin  valves,  the  temperature  dependence  of  the 
pinning  field  Hp  and  the  coercivity  Hc  of  the  NiFe  (F)  layer 
coupled  with  FeMn  (AF)  layer  were  examined.  The  results 
showed,  as  was  shown  by  Schlenker  et  al ,3  that  Hp  and  Hc 
increased  monotonically  and  almost  linearly  with  decreasing 
temperature  down  to  20  K  (below  which  Hc  increased  dras¬ 


tically),  showing  a  fairly  good  proportionality  between  them. 
It  was  also  observed  that  Hp  and  Hc  were  both  enhanced  by 
heating  up  to  100  °C.  These  results  suggest  that  there  exists 
some  mechanism  which  gives  rise  to  a  strong  positive  corre¬ 
lation  between  Hp  and  Hc .  This  article  presents  those  experi¬ 
mental  results  and  proposes  a  mechanism  to  explain  this  phe¬ 
nomenon,  taking  into  account  a  ripple  structure  generated  in 
the  F  layer  through  a  distribution  of  the  pinning  field 
direction5,8  which  may  be  attributed  to  an  expected  random 
distribution  of  the  crystalline  axes  in  the  AF  layer. 

il.  EXPERIMENTAL  PROCEDURE 

The  samples  were  prepared  by  sputtering  on  a  glass 
(Coming  No.  7059)  substrate  in  a  uniform  dc  field  in  the 
form  of  glass/Ta  120  A/(Cu  100  A)/NiFe  75  A/FeMn  150 
A/Ta  50  A  [sample- 1  (without  Cu)  and  sample-2  (with  Cu)]. 
The  sputtering  was  performed  in  one  continuous  process 
without  breaking  the  vacuum.9  The  crystalline  textures  were 
examined  by  x-ray  diffractometry  using  Cu  Ka  x  ray.  The 
hysteresis  curves  were  obtained  by  means  of  a  vibrating 
sample  magnetometer  (VSM)  and  a  SQUID. 

III.  EXPERIMENTAL  RESULTS 

Figure  1  shows  the  x-ray  diffraction  patterns  obtained 
for  sample- 1  and  sample-2,  respectively.  It  is  seen  that 
sample- 1  has  a  little  better  perpendicular  texturing  of  [111] 
direction  of  the  NiFe  and/or  FeMn  layers  than  sample-2,  sug¬ 
gesting  that  a  higher  pinning  field  may  be  obtained  for  the 
former  than  for  the  latter.10 

Figure  2  shows  an  example  of  the  hysteresis  loops  ob¬ 
tained  for  sample- 1  at  room  temperature.  Hp  and  Hc  were 
measured  as  the  shift  of  the  center  of  the  hysteresis  loop  and 
a  half  of  the  loop  width  as  shown  in  the  figure,  respectively. 

It  was  observed  by  VSM  that  both  Hp  and  Hc  of 
sample- 1  changed  almost  linearly  as  a  function  of  tempera¬ 
ture,  both  seeming  to  become  zero  at  the  same  temperature 
which  is  to  be  regarded  as  the  blocking  temperature  TB .  In 
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FIG.  1.  X-ray  diffraction  patterns  for  sample- 1  (without  Cu)  and  sample-2 
(with  Cu)  using  Cu  Ka. 


Temperature  (K) 

FIG.  3.  Temperature  dependence  of  Hp  and  Hc  of  sample- 1  (circles)  and 
sample-2  (triangles).  Solid  symbols  refer  to  the  data  obtained  by  SQUID. 
The  open  circles  are  the  data  obtained  by  VSM  for  sample-1  by  heating 
from  room  temperature  up  to  100  °C  (373  K). 


order  to  see  to  what  extent  this  tendency  holds,  low- 
temperature  measurement  was  performed  by  using  a  SQUID 
for  both  sample- 1  and  sample-2.  Figure  3  shows  the  results. 
Solid  circles  are  for  sample- 1  and  triangles,  for  sample-2. 
Here,  the  data  obtained  for  sample- 1  which  was  heated  from 
room  temperature  up  to  373  K  are  also  plotted  by  open 
circles.  It  is  seen  that  both  Hp  and  Hc  change  almost  linearly 
down  to  20  K  for  both  kinds  of  samples  and  that  below  that 
temperature  Hc  increases  rapidly  while  Hp  is  kept  almost  on 
the  same  straight  line  as  at  higher  temperatures.  In  Fig.  4, 
Hc*s  are  plotted  as  a  function  of  Hp . 

IV.  DISCUSSION  AND  CONCLUSION 

According  to  Fulcomer  and  Charap’s  model  in  which  the 
irreversible  switching  of  spins  in  the  AF  layer  plays  a  deci¬ 
sive  role  in  enhancing  the  Hc  of  the  F  layer,  the  Hc  should 
become  maximum  somewhere  around  the  blocking  tempera¬ 
ture.  Therefore,  in  order  to  explain  the  present  results  as 
shown  above,  some  new  model  seems  to  be  necessary.  We 
have  recently  proposed  a  model  in  which  a  distribution  of  the 
pinning  field  direction  originating  from  the  random  distribu¬ 


tion  of  the  crystalline  orientation  of  the  AF  layer  is  taken  into 
consideration.11  The  model  employs  an  assumption  of  a 
checker-board  (with  a  side  length  L)  type  distribution  of  the 
pinning  field  orientation  making  angles  of  plus  (+)  and  mi¬ 
nus  (-)  cf) o  with  the  average  pinning  field  direction  which 
gives  rise  to  a  kind  of  magnetization  ripple  structure  in  the  F 
layer.  This  assumption  is  in  line  with  Speriosu  et  aV s  con¬ 
cept  of  pinning  field  dispersion5,7  which  was  proposed  for 
samples  similar  to  the  present  ones.  According  to  the  model, 
a  substantial  enhancement  of  Hc  can  be  explained  by  assum¬ 
ing  a  proper  length  L  and  angle  </>0  if  some  switching  mecha¬ 
nism  of  the  magnetizations  at  the  center  of  the  ripple  walls 
(the  switching  of  a  kind  of  Neel  wall’s  polarity)  is  taken  into 
account.  In  Fig.  5,  the  maximum  Hc  which  is  attainable 
through  the  above  mechanism  is  plotted  as  a  function  of  the 
local  pinning  field  Hp0  in  each  checker  block  taking  L  as  a 
parameter.  According  to  this  model,  the  observable  pinning 
field  is  expressed  as 

Hp  =  Hp o  cos  <f>0 . 

Although  Hc  is  not  proportional  to  Hp0  for  each  L  value, 
because  there  may  be  a  wide  distribution  of  L  in  the  actual 
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Applied  field  (Oe) 


Pinning  field,  Hp  (Oe) 


FIG.  2.  Hysteresis  loop  of  the  as-deposited  sample- 1  measured  at  the  room  FIG.  4.  Coercivity  Hc  vs  pinning  field  Hp  plotted  for  both  sample- 1  and 

temperature  by  VSM.  Hp  and  Hc  were  measured  as  shown  in  the  figure.  sample-2  the  data  of  which  are  shown  in  Fig.  3. 
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FIG.  5.  Calculated  maximum  coercivity  as  a  function  of  the  local  pinning 
field  Hp o  according  to  a  model  proposed  recently  in  which  checker¬ 
boardlike  local  distribution  of  the  pinning  field  direction  is  taken  into  con¬ 
sideration  (see  Ref.  11).  L  denotes  the  length  of  a  square  of  the  checker 
board  and  (fi0  the  deflection  angle  of  the  local  pinning  field  direction  from 
their  mean  direction. 

samples,  the  effective  L  may  decrease  with  increasing  Hp0 
giving  rise  to  a  faster  increase  in  the  maximum  Hc  than  when 
L  is  fixed  at  a  single  value.  As  for  the  mechanism  of  the 
switching  of  the  ripple  wall  polarity,  a  direct  switching 
mechanism  in  which  Bloch  line  creation  in  the  wall  takes 
place  has  been  confirmed  unfeasible.11  Therefore,  some  mac¬ 
roscopic  collective  magnetization  reversal  processes,  such  as 
a  macroscopic  domain  wall  motion  or  incoherent  rotation 
should  be  taken  into  account.  Then,  the  mechanism  ex¬ 
plained  above  will  act  as  a  magnetization  sustaining  one 
when  a  reverse  field  is  applied  until  the  average  magnetiza¬ 
tion  is  switched  into  the  reverse  direction.  About  the  Hc  of 
the  domain  wall  motion  in  the  films  with  a  ripple  structure, 
Hoffmann12  showed  that  Hc  should  be  proportional  to  the 


local  anisotropy.  This  theory  will  also  apply  to  the  incoherent 
rotation  mechanism,  although  the  proof  may  not  be  straight 
forward.  In  our  case,  the  local  anisotropy  field  in  the  ripple 
theory  is  thought  to  be  proportional  to  Hp0  sin  <£0,  which 
directly  leads  to  the  explanation  of  the  observed  strong  cor¬ 
relation  between  Hc  and  Hp .  The  higher  coercivity  for 
sample-2  than  for  sample- 1  for  the  same  Hp  as  is  seen  in  Fig. 
4  will  be  attributed  to  higher  pinning  field  orientation  angle 
<f>0  for  the  former  than  for  the  latter.  The  steep  increase  of  Hc 
observed  at  very  low  temperatures,  however,  is  still  left  to  be 
solved. 
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We  present  a  study  of  sputtered  Ni/Fe  multilayers  in  order  to  examine  the  effect  of  interfacial  mixing 
and  interdiffusion  on  the  magnetic  and  transport  properties.  The  multilayer  structure  has  been 
examined  by  low-angle  x-ray  reflectivity,  which  reveals  interface  mixing  of  about  two  monolayers. 
The  magnetization  measurements  show  differences  in  the  anisotropy  of  multilayers  for  which  the 
thickness  ratio  of  nickel  to  iron  is  changed  from  1:1  to  3:1.  With  the  1:1  composition,  multilayers 
show  high  permeability  with  a  longitudinal  easy  axis,  while  samples  with  3:1  composition  show 
lower  permeability  and  a  rotated  easy  axis.  By  fitting  the  resistivity  and  magnetoresistance  thickness 
variation  with  a  semiclassical  model,  we  have  determined  an  interface  contribution  to  the  resistivity 
and  a  possible  contribution  to  the  magnetoresistance.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)24708-3] 


I.  INTRODUCTION 

Since  the  discovery  of  new  transport  and  magnetic  prop¬ 
erties  in  magnetic/nonmagnetic  multilayers,  the  study  of 
modulated  metallic  nanostructures  has  become  a  very  active 
field  of  research.  On  one  hand,  this  interest  is  driven  by  the 
need  to  design  materials  with  magnetic,  magneto-optic  and 
magnetotransport  properties  suited  for  high  density  magnetic 
recording.  On  the  other  hand,  these  artificially  structured  ma¬ 
terials  are  also  proving  to  be  important  for  understanding  the 
fundamental  physics  of  interacting  magnetic  thin  films.  In 
multilayers  where  the  individual  layers  are  only  a  few  atomic 
planes  thick,  one  aspect  which  needs  to  be  addressed  is  the 
nature  and  the  role  of  the  interfaces  in  the  structural,  mag¬ 
netic,  and  electronic  properties  of  the  ensemble.  In  addition, 
the  structure  and  properties  of  individual  layers  within  the 
multilayers  are  often  different  from  those  of  bulk  materials, 
which  in  turn  leads  to  multilayer  properties  distinct  from 
those  of  bulk  alloys  of  the  same  constituents. 

Recently,  it  has  been  found  that  in  Ni/Co  multilayers  this 
combination  of  factors  produces  a  relatively  large  anisotropic 
magnetoresistance  with  low  saturation  fields.1  Moreover,  re¬ 
cent  results  show  oscillations  of  the  magnetoresistance  with 
cobalt  and  nickel  thicknesses,  probably  due  to  a  superlattice 
effect.2  In  the  case  of  Ni/Fe  multilayers,  previous  studies 
have  found  that  for  thicknesses  below  —20  A  the  iron  is  in 
an  fee  phase,3  and  theoretical  calculations  predict  that  this 
phase  may  be  antiferromagnetic.4  In  the  same  thickness 
range,  Mossbauer  spectroscopy  on  vacuum  deposited  Ni/Fe 
multilayers  points  to  a  ferromagnetic  fee  iron  phase,  with  an 
out-of-plane  anisotropy.5  As  NiFe  alloys  are  technologically 
very  important  due  to  their  magnetoresistive  and  soft  mag¬ 
netic  properties,  it  is  of  interest  to  look  at  how  the  magnetic 
and  magnetoresistive  properties  are  influenced  by  the  layer¬ 
ing  of  nickel  and  iron  in  a  modulated  structure. 

II.  EXPERIMENTAL  DETAILS 

We  present  magnetic  and  magnetoresistance  measure¬ 
ments  on  (NixFe>;)n  multilayers  (x  and  y  are  the  film  thick¬ 
nesses  in  A)  deposited  by  rf  magnetron  sputtering6  onto  glass 
(Coming  7059)  substrates  mounted  onto  a  water-cooled  sup¬ 
port.  With  a  sputtering  pressure  of  3  mTorr  of  argon  gas 
(99.999%)  and  an  rf  power  of  200  W,  the  deposition  rates 


were  1.2  A/s  for  Fe  and  2.1  A/s  for  Ni  and,  hence,  the  resi¬ 
dence  time  of  the  substrate  above  the  targets  was  used  to 
control  the  layer  thickness  in  the  range  from  12  to  110  A. 
The  number  of  periods  was  chosen  so  that  the  total  thickness 
was  kept  constant  at  -1200  A.  Since  two  films  were  depos¬ 
ited  simultaneously,  the  first  layer  is  alternatively  iron  or 
nickel.  A  mask  over  the  substrate  in  the  form  of  strips,  16 
mm  long  and  4  mm  wide  with  sidearms  for  electrical  con¬ 
tacts  defined  the  sample  shape.  Finally,  pure  nickel  and  iron 
layers  of  approximately  the  same  thicknesses  were  deposited 
for  comparison. 

Nominal  thicknesses  were  confirmed  by  DEKTAK  and 
low-angle  x-ray-reflectivity  measurements.  Coercive  fields 
and  remanences  were  measured  at  room  temperature  using  a 
vibrating  sample  magnetometer.  However,  due  to  the  large 
nonsymmetric  area  of  the  samples,  it  was  not  possible  to 
obtain  an  absolute  measurement  of  the  magnetization.  Trans¬ 
port  properties  under  magnetic  field  were  also  measured  at 
room  temperature,  using  a  high-resolution  ac  bridge.  In  order 
to  account  for  the  history-dependent  zero-field  resistivity,  the 
total  anisotropic  magnetoresistance  (AMR)  was  measured  as 
the  difference  in  resistivity  when  the  sample  is  rotated  in  a 
saturating  field. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  low-angle  x-ray  reflectivity  spectra  of  a 
(Ni60Fe30)ii  multilayer.  The  spectra  exhibit  well-developed 
Bragg  superlattice  peaks  up  to  the  fifth  order  (not  shown), 
indicating  a  sharply  defined  composition  modulation  in  the 
film  growth  direction.  Note  that,  in  the  figure,  the  third-order 
peak  is  suppressed,  as  expected  for  a  2: 1  ratio  of  Ni  and  Fe. 
Also,  finite  size  oscillations  appears  between  the  Bragg 
peaks  due  to  the  eleven  bilayers  present  in  the  multilayer, 
suggesting  the  smooth  nature  of  the  films.  In  addition,  high- 
angle  x-ray  data  reveal  a  high  degree  of  fee  (111)  and  bcc 
(110)  texture. 

To  estimate  the  interfacial  mixing  width,  the  experimen¬ 
tal  data  are  fitted  using  a  standard  optical  model,6,7  in  which 
the  x-ray  reflectivity  is  calculated  using  a  matrix  method.  In 
order  to  include  interfacial  mixing,  a  linear  composition  pro¬ 
file  is  assumed  at  the  interface.  In  addition,  the  global  inter¬ 
face  roughness  and  layer  thickness  fluctuations  are  included 
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FIG.  1.  Low-angle  x-ray  reflectivity  spectra  for  (Ni  60  A/Fe  30  A)n .  The 
lower  curve  is  experimental  while  the  upper  curve,  shifted  for  clarity,  is  the 
fit  described  in  the  text. 


to  simulate  a  real  situation.  Further  details  of  the  fitting  pro¬ 
cedure  have  been  described  elsewhere.6  The  resulting  fitted 
curve  is  also  presented  in  Fig.  1  and  is  clearly  in  good  agree¬ 
ment  with  the  experimental  data.  An  interfacial  width  of  5  A 
is  obtained  from  this  fitting,  setting  an  upper  limit  on  the 
interdiffusion  in  our  samples. 

Figure  2  shows  magnetization  curves  for  multilayers 
from  two  series,  measured  in  longitudinal  (along  the  long 
axis  of  the  sample)  applied  field,  where  the  magnetization 
values  are  normalized  relative  to  the  magnetization  of  a  pure 
iron  layer  of  equal  thickness.  On  this  relative  scale,  the 
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FIG.  3.  Coercive  field  (a)  and  remanence  (b)  of  (Ni  20  A/Fe  20  A)16  and  (Ni 
35  A/Fe  12  A)16  multilayers  as  a  function  of  the  angle  between  the  applied 
field  and  the  longitudinal  direction  of  the  multilayer  strips. 
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FIG.  2.  Magnetization  of  (a)  pure  nickel  and  iron  thin  films  and  (b)  (Ni  20 
A/Fe  20  A)16  and  (Ni  35  A/Fe  12  A)16  multilayers.  In  all  cases,  the  applied 
field  is  in  the  longitudinal  direction  and  the  magnetizations  are  normalized 
relative  to  that  of  an  iron  film  of  equal  thickness. 


nickel  film  gives  a  saturation  magnetization  of  0.25  which  is 
slightly  less  than  the  ratio  of  the  bulk  values  for  Ni  and  Fe. 
Unfortunately,  since  the  absolute  values  are  unknown,  it  is 
not  possible  to  determine  from  these  measurements  how  the 
Ni  and  Fe  magnetizations  depart  from  their  bulk  values. 
Nevertheless,  the  magnetization  of  all  the  multilayers  can  be 
fully  accounted  for  using  an  identical  ratio  of  0.25  between 
the  magnetizations  of  the  individual  Ni  and  Fe  layers.  This 
ratio  seems  to  preclude  the  possibility  of  an  antiferromag¬ 
netic  iron  phase4  in  our  films,  even  in  multilayers  with  Fe 
thicknesses  below  20  A. 

The  shape  of  the  magnetization  curves  of  Fig.  2  are 
reminiscent  of  those  of  the  pure  sputtered  films  in  that  the 
multilayers  with  greater  Ni  thicknesses  (x  =  3y)  have  higher 
coercive  fields  Hc  and  reduced  remanence  M r  than  samples 
with  equal  Ni  and  Fe  thicknesses  (x=y).  On  the  other  hand, 
all  multilayers  show  a  smaller  coercivity  and  remanence  than 
the  elemental  films. 

In  Fig.  3  are  presented  the  angular  dependences  of  Hc 
and  Mr  for  the  multilayers  of  the  previous  figure.  These 
curves,  representative  of  all  the  multilayers  within  the  same 
series,  show  that  with  equal  thicknesses  of  Ni  and  Fe,  the 
coercive  field  is  almost  constant  and  the  remanence  is  higher 
when  the  saturating  field  is  longitudinal,  indicating  an  easy 
axis  in  that  direction.  However,  in  multilayers  where  x  =  3  y, 
both  Hc  and  Mr  show  the  presence  of  an  easy  axis  at  some 
direction  varying  between  120°  and  150°  to  the  sample  axis. 
Since  the  magnetic  field  at  the  substrate  position  during 
deposition  is  only  about  1  Oe,  this  anisotropy  is  not  believed 
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FIG.  4.  (a)  Anisotropic  magnetoresistance  (AMR)  and  (b)  resistivity  for 
Ni/Fe  multilayers  as  a  function  of  the  nickel  layer  thickness.  The  lines  have 
been  calculated  using  the  models  and  parameters  described  in  text. 

to  be  field  induced;  its  precise  origin  is  currently  under  in- 
vestigation. 

The  resistivity  and  magnetoresistance  (AMR)  are  pre¬ 
sented  in  Fig.  4.  The  resistance  is  found  to  increase  and  the 
AMR  to  decrease  as  the  Ni  layer  thickness  decreases.  In 
single-layer  thin  films,  this  behavior  is  expected  when  the 
thickness  of  the  layer  becomes  of  the  order  of  the  mean-free 
path.  In  multilayers,  the  thickness  variation  of  the  resistivity 
also  depends  on  the  effect  of  the  interface  on  the  conduction 
electron  scattering.  To  assess  this  contribution,  the  results 
were  fitted  with  a  semiclassical  model,  derived  from  Carcia 
and  Suna,8  in  which  each  layer  is  characterized  by  its  mean- 
free  path  \  while  the  interfaces  are  represented  by  an  angle- 
dependent  transmission  coefficient  T  (details  of  the  model 
will  be  presented  elsewhere).9  The  fitted  resistivity  presented 
in  Fig.  4  are  obtained  with  \Ni=37.5  A,  X.Fe=15  A,  and 
T=  o.8;  these  mean-free  paths  correspond  to  bulk  resistivities 
of  16  jjlCI  cm  for  nickel  and  40  (j£l  cm  for  iron,  values  very 
close  to  those  measured  for  the  pure  films.  Moreover,  the  fit 
is  quite  sensitive  to  the  choice  of  the  transmission  parameter, 
which  is  indicative  of  the  importance  of  the  interface  contri¬ 
bution  to  the  resistivity. 


In  order  to  calculate  the  AMR  we  introduce  an  asymmet¬ 
ric  mean-free  path  in  the  form  X=X0(1  +  a  cos2  0),  with  a  the 
asymmetry  parameter  and  6  the  angle  between  the  electron 
velocity  and  the  magnetization.10  Because  the  bulk  magne¬ 
toresistance  of  iron  is  ten  times  smaller  than  that  of  nickel, 
we  assume  that  the  anisotropy  comes  solely  from  the  nickel 
layers.  Also,  no  attempt  was  made  to  account  for  an  interface 
contribution.  As  can  be  seen,  the  fit  for  AMR  obtained  with 
a  =  0.05  in  the  series  with  equal  thicknesses  and  a  =  0.04  in 
the  series  with  ?Ni=3£Fe  is  not  as  good  as  that  for  the  resis¬ 
tivity.  This  observation  points  to  a  possible  contribution  from 
the  interface  which  could  be  included  in  the  calculation,  for 
instance  by  considering  for  T  a  dependence  on  the  angle 
between  the  electron  velocity  and  the  direction  of  the  mag¬ 
netization. 


IV.  CONCLUSION 

Low-angle  x-ray  reflectivity  indicates  that  the  sputtered 
Ni/Fe  multilayers  have  good  structural  properties,  with  low 
roughness  and  an  interface  mixing  of  approximately  2  ML. 
The  magnetization  is  well  described  by  a  simple  average  of 
the  magnetizations  of  pure  nickel  and  iron  thin  films;  the 
remanence  and  coercivity  are  reduced  from  those  of  the  bulk 
materials,  due  possibly  to  the  finite  width  of  the  interface 
region.  The  high  permeability  of  these  multilayers  leads  to  an 
enhanced  sensitivity  of  the  magnetoresistance  to  small  field 
changes  (0.1%/Oe),  comparable  to  that  found  in  high  sensi¬ 
tivity  Ni/Co  multilayers.2  Furthermore,  the  analysis  of  the 
thickness  dependence  of  the  resistivity  and  AMR,  based 
upon  a  semiclassical  model,  reveals  that  the  increase  in  re¬ 
sistivity  at  low  thicknesses  and  the  variation  in  magnetore¬ 
sistance  cannot  be  explained  without  an  interface  contribu¬ 
tion. 
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Series  of  sputter-deposited  Fe3  nm/CrA.  multilayer  and  Fe/Cr/Fe  trilayer  films  have  been  analyzed.  The 
small  magnetoresistance  exhibited  by  the  multilayer  films  is  attributed  to  very  rough  interfaces  and 
poor  Cr  layer  quality.  The  hysteresis  loop  data  show  the  interlayer  exchange  coupling  to  be 
predominantly  antiferromagnetic.  In  situ  magnetizing  of  the  trilayer  films  in  a  Lorentz  TEM  showed 
that  for  a  1.2  nm  thick  Cr  layer  the  moments  of  the  Fe  layers  lie  approximately  parallel  at  remanence 
rotating  to  antiparallel  only  when  the  field  is  increased.  The  magnetic  moments  in  an 
Fe^  nn/Cro.6  mt/Fei2  nm  trilayer  film  were  found  to  be  parallel  aligned  under  an  applied  field  whereas 
the  hysteresis  loop  for  the  multilayer  films  with  the  same  Cr  thickness  suggest  the  existence  of 
antiferromagnetic  interlayer  exchange  coupling.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)24808-0] 


I.  INTRODUCTION 

Factors  affecting  the  giant  magnetoresistance  (GMR)  ef¬ 
fect  in  multilayer  films  (MLFs)1  have  been  studied  by  many 
groups,  both  experimentally2"4  and  theoretically.5"8  It  has 
been  established  that  the  GMR  oscillates  as  a  function  of 
spacer  layer  thickness,9  because  the  interlayer  exchange  cou¬ 
pling  oscillates  with  thickness  from  ferromagnetic  (FM)  to 
antiferromagnetic  (AFM).  For  small  changes  in  the  spacer 
layer  thickness  the  interlayer  exchange  coupling  can  vary 
substantially,  and  as  a  result  interface  roughness  and  micro¬ 
structure  play  an  important  role  in  determining  GMR. 

In  this  work,  series  of  polycrystalline  Fe/Cr  MLFs  and 
trilayers  with  a  range  of  Cr  layer  thicknesses  were  grown  by 
sputter  deposition,  and  the  correlation  between  the  interlayer 
exchange  coupling,  magnetoresistance  (MR),  and  micro¬ 
structure  was  studied. 

II.  EXPERIMENTAL  TECHNIQUES 

The  Fe/Cr  layered  films  were  deposited  on  native-oxide- 
coated  Si(100)  wafers  using  dc  (for  Fe)  and  rf  (for  Cr)  mag¬ 
netron  sputter  deposition.  The  base  pressure  was  better  than 
10~5  mbar  and  the  argon  pressure  was  3XI0-3  mbar.  MR 
measurements  were  made  using  the  four-point  probe  method 
and  the  hysteresis  loops  were  obtained  using  an  alternating 
gradient  force  magnetometer  (AGFM)  at  Bangor  University. 

A  modified  JEOL  4000EX  transmission  electron  micro¬ 
scope  (TEM)  was  used  to  study  the  magnetic  domain  struc¬ 
tures  of  the  trilayer  films  in  applied  fields  up  to  400  Oe.  The 
large  camera  length  mode  of  Lorentz  microscopy10  was  used. 
This  mode  allows  the  central  region  of  the  electron  diffrac¬ 
tion  pattern  (DP)  to  be  observed  at  high  magnification.  For 
thin  films  with  low  magnetization,  the  Lorentz  deflection 
angle  is  very  small,  and  cannot  be  observed  by  conventional 
techniques. 

The  periodicity  of  the  MLFs  was  studied  by  low-angle 
x-ray  reflectometry  (XRR),  and  the  interface  morphology 
and  crystallographic  structure  of  the  film  by  high-resolution 
electron  microscopy  (HREM). 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  MR  curves  for  three  Fe3  0  nm/Cr*  nm,  (0.5 


<jc<  1 .0)  MLFs  measured  with  the  current  in-plane  and  par¬ 
allel  to  the  applied  field.  Both  the  MR  and  the  saturation  field 
H,  increase  with  decreasing  Cr  thickness,  due  to  a  change  in 
the  coupling  strength.  The  magnitude  of  the  MR  varies  from 
0.4%  to  1.6%,  which  is  much  lower  than  expected.  The  hys¬ 
teresis  loops  in  Fig.  2  for  the  same  films,  however,  show  the 
presence  of  a  high  degree  of  AFM  interlayer  exchange  cou¬ 
pling,  with  the  characteristic  tilting  of  the  curve  indicating 
magnetization  rotation  rather  than  domain  wall  motion.  At 
remanence  some  of  the  magnetic  moments  from  the  adjacent 
Fe  layers  are  aligned  approximately  parallel.  They  may  be 
pinned  in  this  orientation  by  microstructural  features. 

The  width  of  the  Bragg  peaks  visible  in  the  XRR  traces 
(Fig.  3)  indicate  the  presence  of  some  interfacial  roughness. 
For  the  (Fe3  0  nm/Cr06  nm)55  MLF  the  interference  fringes 
from  the  top  and  bottom  surfaces  of  the  MLF  stack  are  not 
visible,  suggesting  that  these  surfaces  are  less  well  defined 
than  for  the  other  MLFs. 

HREM  images  (Fig.  4)  from  the  (Fe3  0  nm/Cr0.6  nm)55  and 
(Fe3.0  nm/Cr0  8  nm)25  MLFs  confirm  both  the  bilayer  spacing 
and  the  degree  of  roughness  suggested  by  the  XRR  data.  In 
both  films  the  interfaces  appear  jagged  with  uneven  Cr  layer 
thickness,  which  is  expected  to  result  in  nonuniform  ex¬ 
change  coupling  of  the  magnetic  layers.  The  MLFs  with 
*=0.6  nm  show  particularly  rough  interfaces,  and  the  layers 


FIG.  1.  MR  curves  for  three  Fe3  0  nm/Crx  nm,  (0.5  <*<1.0)  MLFs. 
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FIG.  2.  Hysteresis  loops  for  (a)  (Fe30  nm/Cr06  nm)55  MLFs,  (b) 
(Fe3.0  nm/Cr08  nm)25  MLFs,  (c)  (Fe30  nm/Cr|.0  nm)20  MLFs.  H  is  the  in-plane 
applied  field  and  M  is  the  magnetic  moments. 

appear  discontinuous,  suggesting  that  the  sputtering  condi¬ 
tions  used  will  not  allow  the  growth  of  continuous  Cr  layers 
this  thin.  In  all  the  MLFs  the  Cr  and  Fe  layers  have  a  bcc 
structure  with  strong  [100]  texture  in  the  growth  direction. 

The  XRR  and  HREM  data  suggest  that  the  small  MR 
values  obtained  may  be  due  to  poor  layer  quality.  This  will 
lead  to  high  interfacial  scattering  which  increases  the  spin 
independent  resistivity  of  the  MLFs.  The  different  layer 
thicknesses  observed  suggest  that  there  may  be  nonuniform 
coupling  throughout  the  MLF  stack. 

The  trilayer  films  were  chosen  for  Lorentz  microscopy 
analysis  because  they  contain  only  two  magnetic  layers  and 
the  domain  contrast  observed  is  thus  easier  to  interpret.  In 
situ  TEM  magnetizing  experiments  were  performed  on 
trilayers  containing  Fe  layers  of  nominal  thickness  12  nm 


FIG.  3.  XRR  data  for  (a)  (Fe3.0  nm/Cr06  nm)55  MLFs,  (b)  (Fe3  0  nm/Cr0.8  nm)25, 
(c)  (Fe3  o  nn/Cri  o  nm)20  • 

and  Cr  layers  of  nominal  thickness  1.2  or  0.6  nm.  The  films 
were  demagnetized  in  situ  prior  to  analysis,  and  the  changes 
in  magnetic  structure  were  monitored  around  part  of  the  hys¬ 
teresis  cycle  starting  at  remanence.  The  Lorentz  force  causes 
the  beam  to  be  deflected  if  the  magnetic  moments  of  the  two 
Fe  layers  are  aligned  nearly  parallel,  whereas  the  beam  is 
undeflected  when  the  moments  of  the  two  Fe  layers  are 
aligned  antiparallel. 

Figure  5  shows  an  example  of  an  Fe12  nJ&o.e  nn/Fei2  nm 
trilayer  which  was  shown  to  be  FM  coupled  by  in  situ  mag¬ 
netizing.  The  magnetic  moments  in  the  Fe  layers  are  aligned 
approximately  parallel,  and  the  DP  shows  a  single  deflected 
arc.  The  presence  of  an  extended  arc,  as  opposed  to  a  sharp 
spot  [Fig.  5(b)]  indicates  the  presence  of  magnetization 
ripple,  which  can  be  seen  in  the  associated  Fresnel  mode 
Lorentz  image  [Fig.  5(a)].  The  saturation  field  was  found  to 
be  approximately  55  G.  Hysteresis  loops  from  MLFs  with  a 
similar  Cr  layer  thickness  showed  that  some  AFM  interlayer 
exchange  coupling  is  possible  with  this  thickness  of  Cr  (Fig. 


\  nm  — 


FIG.  4.  HREM  images  of  (a)  (Fe30  nm/Cr08  nm)25,  (b)  (Fe3  0  nn/Cro.6  nmW 
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FIG.  5.  (a)  Fresnel  image  and  (b)  DP  of  an  FeI2  nir/Cro.6  nm^ei2  nm  trilayer 
film,  magnetized  at  7.6  G  from  remanence. 


2).  The  reason  why  any  antiparallel  aligned  magnetic  mo¬ 
ments  are  absent  in  the  trilayers  may  be  that  its  microstruc¬ 
ture  affects  the  interlayer  exchange  coupling,  suggesting  the 
possibility  that  even  with  a  suitable  Cr  thickness  in  a  MLF 
stack  some  of  the  magnetic  moments  can  be  aligned  parallel. 

Figure  6  shows  a  series  of  DPs  and  Fresnel  Lorentz  im¬ 
ages  of  an  Fe12  nm^ri.2  nm^e\2  nm  film  taken  during  in  situ 
magnetizing.  At  remanence  and  under  a  very  small  applied 
field  most  of  the  magnetic  moments  are  aligned  parallel  [Fig. 
6(a)].  The  associated  DP  shows  only  a  diffuse  arc  [Fig.  6(b)]. 
As  the  applied  field  increases  the  magnetic  moments  begin  to 
align  antiparallel,  as  seen  from  the  changes  in  the  Fresnel 
image  [Fig.  6(c)]  and  the  increase  in  intensity  of  the  unde¬ 
flected  spot  [Fig.  6(d)],  until  at  a  field  of  approximately  72  G 


FIG.  6.  (a)  Fresnel  image  and  (b)  DP  of  an  Fe,2  mr/Pei2  nm  trilayer 

film  magnetized  at  4.2  G.  (c)  Fresnel  image  and  (d)  DP  of  the  same  film 
when  magnetized  at  23.6  G. 


almost  all  the  moments  are  aligned  antiparallel.  As  the  field 
increases  further  towards  saturation  all  the  magnetic  mo¬ 
ments  align  in  the  direction  of  the  applied  field.  We  believe 
this  to  occur  because  although  the  coupling  is  AFM,  micro- 
structural  features  pin  the  moments  in  Fe  layers  in  a  parallel 
alignment  in  zero  field.  Only  on  increasing  the  field  slightly 
is  enough  energy  supplied  to  allow  the  moments  to  relax  into 
an  antiparallel  state. 

XRR  data  for  the  two  trilayer  films  shown  in  Figs.  5  and 
6  confirm  the  nominal  layer  thicknesses.  The  FM  coupling 
observed  in  the  Fe12  nm/C r0  6  nm/Fe12  nm  film  may  be  due  to 
the  fact  that  the  Cr  layer  is  too  thin  to  be  continuous,  so  that 
the  Fe  layers  are  in  direct  contact,  with  no  opportunity  for 
their  magnetic  moments  to  be  aligned  antiparallel. 

IV.  CONCLUSIONS 

The  GMR  effect  was  observed  in  sputtered  Fe/Cr  MLFs, 
although  the  value  is  considerably  lower  than  expected.  This 
is  attributed  to  poor  layer  quality  and  microstructural  imper¬ 
fections  as  shown  by  HREM  and  XRR  data.  The  hysteresis 
loops  show  the  presence  of  AFM  interlayer  exchange  cou¬ 
pling  in  all  MLFs,  whereas  in  situ  magnetizing  experiment 
shows  that  even  for  trilayers  which  have  magnetic  moments 
aligned  antiparallel  under  an  applied  field,  the  moments  are 
mostly  parallel  aligned  at  remanence.  In  addition  even  with  a 
suitable  Cr  layer  thickness,  the  interlayer  exchange  coupling 
may  not  be  AFM,  as  the  coupling  is  affected  by  the  micro¬ 
structure  presence  of  AFM  coupling  and  low  GMR  in  the 
MLFs  shows  the  important  contribution  of  microstructure, 
and  further  analysis  of  the  trilayer  films  will  be  used  to  as¬ 
sess  the  relative  contributions  of  interfacial  quality  and  AFM 
coupling. 
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We  have  used  polarized  neutron  reflection  to  determine  the  layer-dependent  spin  orientations  in  an 
antiferromagnetically  coupled  100  A  Cr/50  A  Fe/15  A  Cr/50  A  Fe/Si  sandwich  structure  prepared 
by  sputtering.  At  low  field,  the  net  Fe  layer  magnetic  moments  align  in  an  asymmetric  canted 
orientation  with  a  near  zero  total  magnetic  moment  for  the  sample.  At  high  fields,  a  canted  state, 
nearly  symmetric  with  respect  to  the  applied  field  direction  is  observed  and  the  magnetization  in 
each  layer  does  not  reach  the  bulk  saturation  value  until  the  layers  are  ferromagnetically  aligned. 

The  behavior  is  discussed  in  the  context  of  current  theories  of  exchange  coupling.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)24908-6] 


Exchange  coupling  in  ultrathin  transition  metal  sandwich 
structures  such  as  Fe/Cr/Fe  has  been  intensively  studied,  in 
part  because  of  the  giant  magnetoresistance  (GMR)  behavior 
which  can  result.1"4  In  addition  to  the  Heisenberg-like  bilin¬ 
ear  coupling,  an  additional  biquadratic  coupling  mechanism, 
favoring  a  90°  spin  alignment  has  also  been  found  in  several 
epitaxial  systems.5,6  Theoretical  models  of  biquadratic  cou¬ 
pling  distinguish  between  an  intrinsic  mechanism  due  to  the 
electronic  properties  of  the  perfect  structure7-9  and  extrinsic 
mechanisms  which  predict  a  strong  dependence  on  the  de¬ 
tails  of  the  interface  morphology  and  film  structure.10-12 
Neutron  scattering  studies  of  biquadratic  coupling  have  been 
previously  performed  on  both  polycrystalline  FeNi/Ag13  and 
Fe/Cr14  multilayers.  Polarized  neutron  reflection  provides  an 
appropriate  tool  for  probing  the  spin  orientation  in  polycrys¬ 
talline  single  trilayers. 

We  present  in  this  article  the  results  of  a  detailed  polar¬ 
ized  neutron  reflection  (PNR)  study  of  a  polycrystalline  Fe/ 
Cr/Fe  single-sandwich  structure  with  AF  coupling.15  In  an 
earlier  study,16  we  were  able  to  show  that  the  spin  orientation 
for  such  structures  occurring  at  very  low  field  departed  sig¬ 
nificantly  from  the  purely  antiparallel  structure  expected  for 
pure  bilinear  coupling.  In  this  article  the  departure  from  the 
antiparallel  state  is  quantified.  The  100  A  Cr/50  A  Fe/15  A 
Cr/50  A  Fe/Si  sandwich  structures  were  prepared  by  sputter¬ 
ing  and  the  field-dependent  magnetoresistance  behavior  in¬ 
vestigated  as  reported  previously.15  X-ray  diffraction  studies 
confirm  the  polycrystalline  structure  with  a  preferred  (110) 
texture.  Magnetization  measurements  obtained  using  a  vi¬ 
brating  sample  magnetometer  (VSM)  indicate  the  presence 
of  antiferromagnetic  coupling  with  saturation  and  coercive 
fields  of  1.7  and  0.043  kOe,  respectively  (solid  lines,  inset  of 
Fig.  1).  The  saturation  value  of  the  moment  agrees  with  that 
calculated  from  the  bulk  magnetization.  Measurements  made 
as  a  function  of  the  in-plane  orientation  of  the  applied  field 
confirm  the  absence  of  any  significant  magnetic  anisotropy, 
as  expected  for  such  polycrystalline  samples. 

PNR  measurements17  were  made  at  300  K  with  the 
sample  magnetized  in-plane  and  the  total  specular  reflectivity 


R  ~  was  determined  as  a  function  of  perpendicular  wave  vec¬ 
tor  q  for  incident  neutron  spin  parallel  (+)  and  antiparallel 
(— )  to  the  applied  field  direction  (z  axis).  The  measurements 
were  made  at  fixed  orientation  using  the  CRISP  time  of  flight 
reflectometer17  at  the  ISIS  facility  in  the  UK  Rutherford 
Laboratory.  As  the  field  is  reduced  the  magnetic  moments  of 
the  layers  move  away  from  the  z  axis.  Both  +  and  -  reflec¬ 
tivities  are  then  dependent  upon  both  of  the  in-plane  compo- 


0  1.5 


Applied  Field  (kOe) 

FIG.  1.  Magnetization  measurements  for  the  positive  part  of  the  M  -  H  loop 
(solid  line)  for  the  sputtered  100  A  Cr/50  A  Fe/15  A  Cr/50  A  Fe/Si  sample 
obtained  by  VSM.  The  inset  shows  the  full  magnetization  loop.  The  net 
magnetic  moment  parallel  to  the  applied  field  deduced  from  the  PNR  fits  are 
shown  for  measurements  made  upon  reducing  the  applied  field  from  the 
positive  saturation  value  (open  squares)  and  upon  increasing  the  applied 
field  from  the  negative  saturation  value  (solid  squares).  The  spin  configura¬ 
tions  (magnitudes  and  directions)  are  drawn  to  scale  as  deduced  from  the 
coherent  multidomain  model.  The  thicker  arrow  represents  the  magnetiza¬ 
tion  of  the  upper  Fe  layer.  The  applied  field  is  vertical  (z  axis). 
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FIG.  2.  The  sample  geometry  for  a  multilayer  sample  with  nonaligned  in¬ 
plane  magnetizations.  The  first  layer  magnetization  vector  Mj  (thick  arrow) 
and  the  second  Fe  layer  magnetization  vector  M2  are  constrained  to  the  film 
plane.  The  angle  <f>\  refers  to  the  orientation  of  Mj  with  respect  to  the 
applied  field  direction  (vertical  z  axis)  and  the  angle  <£2  defines  the  angular 
separation  of  Mj  and  M2  (narrower  arrow),  with  positive  angle  correspond¬ 
ing  to  the  anticlockwise  sense. 

nents  of  the  magnetization  vector  as  described  by  a  reflectiv¬ 
ity  matrix.18  A  similar  description  has  been  given  by  Felcher 
et  al19  The  magnetic  configuration  of  the  sample  is  shown 
schematically  in  Fig.  2.  An  appropriate  spatial  averaging  pro¬ 
cedure  is  also  required  since  beneath  the  saturation  field 
magnetic  domains  can  develop.5  If  the  domains  were  larger 
than  the  coherence  length,  then  each  domain  would  contrib¬ 
ute  incoherently  to  the  reflected  intensity.  The  coherence 
length  projected  in  plane  is  estimated  to  be  about  100  /xm  at 
grazing  incidence17  while  Kerr  microscopy  studies  have  re¬ 
vealed  the  existence  of  an  irregular  patch  domain  structure 
on  the  scale  of  a  few  microns  at  zero  applied  field  for  a 
trilayer  structure  with  a  Cr  thickness  in  the  vicinity  of  the 
first  antiferromagnetic  peak  (i.e.,  close  to  the  Cr  thickness  of 
our  samples)  suggesting  that  coherent  averaging  applies  in 
our  experiment.  In  a  first  approximation  the  net  magnetiza¬ 
tion  in  each  layer  then  corresponds  to  the  spatial  average 
over  the  magnetizations  of  each  domain  within  the  coherence 
area. 

The  spin  asymmetry  S  =  (R+  - R~)/(R~  +  R+)  for 
Ha  =  2  kOe  is  consistent  with  the  values  calculated  for  par¬ 
allel  alignment  of  the  two  Fe  layer  moments  along  the  ap¬ 
plied  field  direction.20  This  measurement  serves  as  a  check 
on  the  experimentally  determined  layer  thicknesses  and  also 
on  the  size  of  the  Fe  layer  magnetizations  which  are  found  to 
correspond  to  the  bulk  value  within  experimental  error.  In 
Fig.  3  we  show  the  spin  asymmetry  observed  evolving  as  the 
applied  field  is  reduced  from  the  positive  saturation  value. 
The  ferromagnetic  alignment  induces  a  pronounced  peak  in 
the  asymmetry  at  a  value  of  wave  vector  close  to  2.9 qc 
(where  qc  is  the  critical  wave  vector  for  the  Si  substrate).  As 
the  applied  field  is  reduced  the  peak  asymmetry  at  low  wave 
vector  diminishes,  indicating  the  expected  reduction  in  the 
degree  of  ferromagnetic  alignment  between  the  layers,  and  a 
second  peak  close  to  6qc  increases,  as  expected  from  simu¬ 
lations  of  the  spin  asymmetry  for  antiferromagnetic  ordering. 
This  peak  is  related  to  the  antiferromagnetic  Bragg  diffrac¬ 
tion  peak  that  occurs  in  superlattices,21,22  although  refraction 
and  spin  orientation  effects  must  be  included  in  order  to  ac- 

1 X 

curately  fit  the  position  and  magnitude  of  the  peak. 


FIG.  3.  The  spin  asymmetry  observed  for  the  100  A  Cr/50  A  Fe/15  A  Cr/50 
A  Fe/Si  sputtered  sandwich  structure  and  the  fits  (solid  lines)  predicted  by 
the  coherent  multidomain  model  as  the  applied  field  is  reduced  from  the 
positive  saturation  value  to  the  field  strengths  indicated.  The  fit  parameters 
are  given  in  Table  I  and  the  resulting  spin  orientations  are  shown  in  Fig.  1. 

In  fitting  the  data  in  the  coherent  case  we  relax  the  re¬ 
quirement  that  the  average  magnetization  vectors  of  each 
layer  has  the  full  saturation  value  | Ms\  (corresponding  to  a 
single-domain  state)  and  allow  both  the  orientation  and  size 
of  the  magnetization  vector  in  each  layer  to  be  determined  by 
the  result  of  a  least-squares  fit  to  the  asymmetry  data.  The 
S(q)  curve  is  computed  with  the  size  and  orientation  of  the 
magnetization  vector  in  each  layer  treated  as  independently 
variable  parameters  until  a  close  fit  (solid  line  in  Fig.  3)  is 
found  using  a  least-squares  minimization  procedure.  This 
method  is  found  to  fit  the  data  very  well  for  the  appropriate 
values  of  the  magnetization  vector  (magnitude  and  orienta¬ 
tion)  in  each  layer,  in  contrast  to  the  incoherent  averaging 
method  for  which  no  fits  could  be  obtained.  The  results  are 
summarized  in  Table  I  and  the  resulting  spin  configurations 
are  shown  in  Fig.  1 .  For  each  configuration  shown  an  alter¬ 
native  symmetry  related  configuration  is  also  possible  corre¬ 
sponding  to  that  obtained  by  reflecting  about  the  applied  field 
direction.  The  bold  arrow  refers  to  the  magnetic  moment  of 
the  top  layer  and  the  thin  arrow  refers  to  that  of  the  bottom 
layer.  The  resulting  component  of  the  magnetization  along 
the  applied  field  (M}|  in  Table  I)  fitted  using  the  above  pro¬ 
cedure  is  consistent  with  the  magnetometry  data  on  these 
samples,  as  shown  in  Fig.  1.  We  also  find  that  the  angular 
separation  of  the  magnetic  moment  vectors  is  almost  exactly 
preserved  under  physical  rotation  of  the  sample  in  low-field 
applied  fields  (see  Table  1  and  Fig.  1).  This  serves  as  a  useful 
check  on  our  analysis.  We  see  that  upon  reducing  the  applied 
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TABLE  I.  The  result  of  a  least-squares  fit  to  the  set  of  field-dependent  spin  asymmetry  data.  The  1st  column 
gives  the  applied  field  strength  for  positive  values  upon  reducing  the  field  from  the  positive  saturation  value. 
The  measurement  denoted  ( R )  indicates  that  the  sample  has  been  rotated  by  90°  with  respect  to  the  applied 
field.  The  angles  cf>x ,  <£2  denote  the  angular  position  of  the  top  layer  magnetization  with  respect  to  the  applied 
field  and  the  angular  separation  of  the  layer  magnetizations.  The  4th  and  5th  columns  show  the  magnitudes  of 
the  top  and  bottom  Fe  layer  moments.  The  net  components  of  the  magnetization  parallel  and  perpendicular  to 
the  applied  field  M{1  and  Mper  are  shown  in  the  final  two  columns. 


H  (Oe) 

<t>\ 

<h 

MXIMS 

M2/Ms 

Ml{/Ms 

MfJMs 

12 

-33 

160 

0.27 

0.27 

0.032±0.004 

0.034±0.039 

12  R 

-110 

170 

0.26 

0.26 

0.021  ±0.002 

-0.010±0.011 

94 

-11 

131 

0.27 

0.29 

0.060+0.006 

0.100±0.293 

200 

-19 

129 

0.30 

0.20 

0.108±0.005 

0.045  ±0.054 

320 

-24 

79 

0.42 

0.30 

0.278±0.016 

0.037  ±0.062 

540 

-8 

17 

0.46 

0.46 

0.455  ±0.009 

0.004±0.087 

2000 

0 

0 

LOO 

1.00 

1.000 

0.000 

field  from  the  saturation  value,  the  formation  of  magnetic 
domains  is  inferred  (i.e.,  Ml ,  M2  decreases)  with,  after  ini¬ 
tial  canting  away  from  the  applied  field  direction,  the  lower 
Fe  layer  undergoing  a  rotation  process  to  attain  an  overall 
canted,  near  AF  configuration  at  low  applied  fields.  Each 
layer  has  ~25%-30%  of  its  full  saturation  magnetization  at 
low  fields.  We  note  that  from  Table  I  the  total  magnetic  mo¬ 
ment  of  the  sample  perpendicular  to  the  applied  field  |Mper| 
is  always  zero,  within  experimental  error.  This  is  consistent 
with  the  physical  requirement  that  for  stability  there  be  no 
net  torque  on  the  layers  arising  from  the  applied  field  since 
the  magnetic  anisotropy  in  the  sample  is  negligible.  The 
magnetization  reversal  process  is  clearly  inequivalent  in  the 
two  Fe  layers,  resulting  at  low  field  in  an  asymmetric  mag¬ 
netic  orientation  with  respect  to  the  applied  field  direction. 
This  inequivalence  may  result  from  the  inequivalent  inter¬ 
faces  of  the  two  Fe  layers  (the  bottom  layer  is  directly  de¬ 
posited  on  Si). 

The  canting  observed  at  low  field  could  suggest  that  in 
addition  to  bilinear  coupling  favoring  antiparallel  alignment, 
biquadratic  coupling  comparable  in  strength  is  also  present, 
since  in  the  absence  of  anisotropy  this  configuration  would 
be  otherwise  unstable.  In  the  fluctuation  model10  biquadratic 
coupling  is  expected  to  occur  only  for  sufficiently  large  ter¬ 
race  widths  and  appropriate  roughness  values.  For  sputtered 
structures  very  sharp  interfaces  can  be  achieved  on  the  mac¬ 
roscopic  scale  but  the  correlation  length  is  expected  to  be 
reduced  on  a  nm  scale  in  comparison  with  epitaxial  struc¬ 
tures.  On  the  basis  of  this  model,  weaker  biquadratic  cou¬ 
pling  would  be  expected  in  sputtered  samples  in  contrast 
with  our  findings.  Other  extrinsic  models  invoking  dipolar 
coupling12  and  the  presence  of  “loose”  spins11  in  the  spacer 
layer  are  unlikely  to  result  in  the  large  biquadratic  coupling 
strength  we  observe.  It  is  also  possible  that  the  antiferromag¬ 
netism  of  the  Cr  layer  is  important  in  this  context.  Alterna¬ 
tively,  differences  between  the  Fe  layers  in  net  moment,  pin¬ 
ning  sites  or  local  anisotropy  variations  together  with 
bilinear  coupling  could  explain  the  canting  without  invoking 


biquadratic  coupling.  This  view  is  supported  by  the  sample 
rotation  results. 

In  conclusion,  the  results  demonstrate  the  importance  of 
determining  the  layer  dependent  spin  orientation  in  exchange 
coupled  structures,  as  is  possible  using  PNR. 
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Superconductivity  and  magnetic  properties  of  Fe/Nb  multilayers  (abstract) 
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The  interplay  between  superconductivity  (SC)  and  ferromagnetism  (FM)  in  dilute  magnetic  alloys 
and  intermetallic  compounds  attracted  considerable  attention  during  the  last  30  years.  Usually  the 
ferromagnetic  state  is  more  stable  and  therefore  tends  to  suppress  SC.  On  the  other  hand,  the 
magnetic  state  can  be  changed  due  to  a  modification  of  the  RKKY  interaction  in  the  SC  state. 

Mutual  influence  of  SC  and  FM  may  acquire  new  peculiarities  in  such  artificial  systems  as  FM/SC 
multilayers.  This  work  is  focused  on  the  study  of  Fe/Nb  multilayered  system,  prepared  on 
Al2O3(1120)  substrates  by  rf-sputtering  and  by  molecular  beam  epitaxy  (MBE)  techniques.  The  Nb 
thickness  rNb  was  varied  from  150  to  500  A  and  the  Fe  thickness  tFe  was  changed  from  5  to  100  A. 

The  sputtered  samples  were  highly  layered  with  sharp  interfaces  as  revealed  by  x-ray  reflectivity  and 
were  textured  in  the  [110]  direction.  The  epitaxial  MBE  samples  showed  (110)  growth  of  Nb  and  Fe 
with  a  coherence  lengths  comprising  the  total  film  thickness.  Surface  and  interface  roughnesses  were 
very  small.  The  dependence  of  the  ferromagnetic  resonance  (FMR)  spectra  parameters  on  the 
direction  of  the  dc  magnetic  field  rotating  in  the  plane  of  the  samples  show  sixfold  anisotropic 
behavior  indicating  the  well  known  three-domain  in-plane  structure  of  Fe  layers  on  sapphire 
substrates.  FMR  and  SQUID  measurements  showed  that  FM  of  Fe  layers  survived  down  to  tFe 
=  10  A.  The  out-of-plane  FMR  measurements  also  showed  that  the  easy  axis  of  magnetization  lies 
in  the  plane  of  the  samples  down  to  this  thickness.  The  superconducting  transition  temperature 
Tc  was  determined  by  measurements  of  the  electrical  resistivity  and  by  SQUID  measurements.  It 
was  established  that  there  is  a  critical  thickness  of  the  Fe  layer  rF"1  above  which  SC  was  not  detected 
for  temperatures  down  to  1.5  K.  This  value  was  dependent  on  rNb.  Thus,  for  example,  it  was  found 
that  for  rNb  =  300  A  the  value  of  rFeit=  3  0  A  and  for  fNb  =  350  A— tF"‘  =  50  A.  For  constant  fFe  with 
increasing  rNb  up  to  a  certain  thickness,  SC  was  not  detected;  then  Tc  started  to  increase,  and,  finally, 
it  approached  the  constant  value  of  the  order  of  6  K  above  a  certain  fNb  which  depended  on  rFe.  The 
critical  magnetic  field  HC2  obtained  from  the  resistivity  measurements,  strongly  decreased  with 
increasing  fFe  or  decreasing  rNb.  The  temperature  dependences  of  HC1  were  typical  for 
two-dimensional  superconductors.  For  the  interpretation  of  the  data  obtained,  various  theories  were 
employed.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)44708-8] 
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A  comparison  of  structure  and  magnetoresistance  in  Fe/(Ag-Cu) 
films  (abstract) 
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Films  of  12  Fe/(Ag-Cu)  bilayers  were  prepared  to  have  either  granular  or  multilayer  structures  on 
glass  substrates  with  a  50  A  Cu  buffer  layer.  A  magnetic  Fe  layer  of  15  A  was  deposited  by  e-beam 
evaporation,  and  a  nonmagnetic  Ag-Cu  layer  of  20  A  by  thermal  coevaporation  with  various  Ag/Cu 
ratio.  As  the  nonmagnetic  layer  composition  changed  from  Ag  to  Cu,  roughness  of  the  film  surface 
varied  from  more  than  100  A  to  less  than  10  A,  measured  with  atomic  force  microscopy.  Regularity 
of  multilayer  structure  was  evident  in  the  Fe/Cu  film  from  a  superlattice  peak  at  around  2theta=2.5 
deg  by  Cu  Ka  x-ray  diffraction.  The  peak  weakened  as  the  Ag  content  increased  in  the  nonmagnetic 
layer,  and  completely  disappeared  at  Ag/Cu>l,  which  indicated  that  granular  structure  became 
dominant.  Pendelloesung  peaks  at  2theta=l  to  2  deg  had  a  similar  composition  dependency.  The 
structural  change  was  confirmed  with  cross-sectional  transmission  microscopy,  too.  The  deposited 
structure  is  explained  in  terms  of  surface  tension  and  wettability  of  each  element.  Increasing  Cu 
content  decreases  the  surface  tension  and  increases  the  wettability  of  the  nonmagnetic  layer.  Heat 
treated  film  structures  are  explained  with  identical  terms.  Change  of  magnetoresistance  is  discussed 
in  part  by  connectivity  of  the  nonmagnetic  layer.  From  the  discussion,  a  reasoning  is  given  to  the 
effect  of  annealing  on  the  magnetoresistance  of  the  films.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)44808-7] 
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59Co  and  55Mn  NMR  of  CoMn  alloys  and  multilayers 
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59Co  and  55Mn  NMR  measurements  have  been  made  on  a  range  of  CoMn  materials:  dilute  powder 
alloy,  thin-film  alloys,  and  multilayers.  Our  results  suggest  that  in  dilute  alloys  isolated  atoms  of  Mn 
couple  both  ferro  and  antiferromagnetically  to  the  Co  host,  with  the  latter  producing  a  reduction  in 
the  magnitude  of  the  Co  hyperfine  field  of  17%.  This  reduction  of  hyperfine  field  appears  similar  for 
both  the  fee  and  hep  phases  of  Co.  NMR  on  Co/Mn  sputtered  multilayers  shows  large  changes  in 
the  hyperfine  field  distribution  between  a  film  with  Mn  layers  of  10  A  and  Mn  layers  of  30  A. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)35608-2] 


I.  INTRODUCTION 

Mn  in  its  elemental  state  has  both  complex  structural  and 
magnetic  properties.1-3  A  total  of  four-crystal  phases  are 
known,  dependent  on  the  temperature,  with  both  antiferro¬ 
magnetic  (AFM)  and  ferromagnetic  (FM)  alignment  possible 
for  the  higher-temperature  fee  and  bcc  phases.  The  various 
phases  of  Mn  exhibit  a  wide  range  of  atomic  volumes. 
Multilayer  materials  containing  Mn  are  therefore  likely  to 
show  interesting/novel  properties,  particularly  if  the  high- 
temperature  phases  can  be  stabilized  at  room  temperature. 
Hence  the  CoMn  system  is  currently  of  interest  due  to  the 
increasing  ease  with  which  high  quality  multilayer  materials 
can  be  grown  by  sputtering  or  molecular  beam  epitaxy. 
These  growth  techniques  offer  the  possibility  of  stabilizing 
exotic  crystal  phases,  for  example,  the  stabilisation  of  bcc  Co 
in  Fe/Co  multilayers  4  CoMn  also  presents  some  theoretical 
challenges  as  recent  work5  on  dilute  impurities  in  3  d  transi¬ 
tion  metals  continues  to  be  inconclusive  regarding  the  orien¬ 
tation  of  Mn  with  respect  to  Co. 

In  this  work  we  report  NMR  measurements  of  thin-film 
CoMn  alloys,  Co/Mn  multilayers  produced  by  sputtering, 
and  dilute  powdered  CoMn  alloys.  The  basic  problem  in  di¬ 
lute  alloys  is  the  magnitude  of  the  moment  on  the  Mn  atoms 
and  whether  such  a  moment  aligns  parallel  or  antiparallel  to 
the  Co  host.  Theoretical  work5  indicates  that  the  change  in 
the  Co  hyperfine  field,  and  therefore  the  frequency,  should 
either  be  quite  small  (a  few  percent)  for  FM  alignment  of  Mn 
with  Co  or  rather  large  (—20%)  for  AFM  alignment  of  an 
impurity  Mn  atom  in  a  Co  host.  These  two  magnetic  orien¬ 
tations  are  calculated  to  have  only  a  small  difference  in 
energy.5  In  multilayer  materials  the  situation  is  further  com¬ 
plicated  by  interfacial  effects  such  as  the  presence  of  dead 
layers  of  Co  immediately  adjacent  to  the  Mn  and  the  exact 
structure  of  the  Co  fee,  fet,  hep. 

II.  EXPERIMENT 

The  powdered  alloy  sample  was  prepared  by  argon-arc 
melting  Co  and  Mn.  The  ingot  was  filed  to  a  powder  and 
sieved  with  a  300  mesh  sieve  to  give  a  Co0  99Mn0  01  at.  % 
fine  powder.  The  thin  alloy  films  and  the  multilayer  films 
were  prepared  at  Bochum  by  rf  sputtering.  Base  pressures  in 


the  sputtering  chamber  were  in  the  range  1-3X10-7  mbar. 
Sputtering  took  place  at  a  pressure  of  5X10-3  mbar  in  an 
atmosphere  of  99.99%  pure  Ar  gas.  The  substrates  were 
chemically  cleaned  in  an  acetone/ethanol  mixture  prior  to 
insertion  in  the  chamber,  they  were  then  annealed  at  500  °C 
under  high  vacuum  and  plasma  etched  immediately  before 
deposition.  Thicknesses  were  measured  in  situ  by  a  quartz 
monitor  and  postdeposition  by  x-ray  reflectivity  and  x-ray 
fluorescence. 

A  total  of  four  thin  films  were  investigated  using  NMR. 
Two  alloy  films  with  Co0.98Mn0.02  were  produced  simulta¬ 
neously  by  cosputtering  Mn  and  Co  onto  (a)  a  glass  and  (b) 
a  MgO  substrate.  The  growth  temperature  was  maintained  at 
200  °C  and  the  growth  rate  was  0.12  A/s.  The  thickness  of 
the  films  as  measured  by  the  x-ray  techniques  was  228  A. 
Both  films  were  capped  with  Au=40  A  to  inhibit  oxidation. 

The  two  multilayer  films  studied  were  produced  by  ro¬ 
tating  the  MgO(OOl)  substrates  between  the  Co  and  Mn  tar¬ 
gets.  The  growth  temperature  was  100  °C,  and  a  sputtering 
rate  of  0.1  A/s  was  maintained  for  both  Co  and  Mn.  The 
films  were  protected  by  a  capping  layer  of  Co =30  A  to  in¬ 
hibit  oxidation.  The  structure  of  the  two  multilayers  was 
MgO/[Co  30  A/Mn  10  A]xlo/Co(30  A)  and  MgO/[Co  30 
A/Mn  30  A]xlo/Co(30  A).  Both  these  films  were  oriented 
with  the  [001]  direction  normal  to  the  plane  of  the  film. 

The  NMR  spectra  were  measured  in  a  coherently  de¬ 
tected,  swept  frequency  spin  echo  spectrometer6,7  using  a 
tuned  circuit  matched  to  the  50  fL  line.  At  each  frequency  the 
echo  was  integrated  and  measured  at  phase  angles  <p  and 
cp+  7t/2.  The  phase  insensitive  quantity  S  =  S2  +  7r/2  was 
then  determined  and  plotted  against  frequency.  In  order  to 
accommodate  the  wide  range  of  frequencies  and  large  differ¬ 
ences  in  the  amplitude  some  changes  were  made  to  the  spec¬ 
trometer  configuration,  in  particular  two  different  coils  were 
used.  The  first  coil  covered  the  frequency  range  120-280 
MHz  while  the  second  covered  the  range  235-400  MHz. 
The  large  overlap  region  ensured  good  matching  between  the 
two  parts  of  the  spectrum.  A  variable  gain  receiver  was  used 
to  extract  the  maximum  signal  and  again  a  large  overlap 
region  ensured  good  matching  between  the  various  parts  of 
the  spectrum.  Measurements  were  taken  at  two  temperatures, 
T= 4.2  K  and  T=  1.3  K.  The  lower  temperature  was  used  for 
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FIG.  1.  59Co  and  55Mn  NMR  spectra  of  Co0  98Mn0  02,  228-A-thick,  sputtered 
alloy  films  at  T=  4.2  K.  The  echo  amplitude  is  normalized  to  the  top  of  the 
Co  fee  line  (—217  MHz).  No  corrections  for  frequency  or  T2  have  been 
made.  The  different  scales  on  the  x  and  y  axis  are  used  to  show  the  regions 
of  interest.  The  films  were  sputtered  simultaneously  on  to:  (a)  a  glass  sub¬ 
strate  and  (b)  a  MgO  substrate. 

the  parts  of  the  spectrum  with  the  weakest  signal,  as  the 
signal- to-noise  ratio  scales  with  1  IT.  No  corrections  were 
made  for  either  the  frequency  or  relaxation  time  (T2)  depen¬ 
dence  of  the  spectra  as  these  corrections  do  not  alter  the 
positions  of  the  NMR  lines  and  accurate  comparison  of  the 
relative  line  intensities  was  not  required  for  the  work  under¬ 
taken  here. 

HI.  RESULTS  AND  DISCUSSION 

The  powdered  Co099Mn0  01  at.  %  alloy  was  measured 
from  70  to  400  MHz.  Co  was  found  to  exist  in  both  the  fee 
and  hep  phases  as  demonstrated  by  a  sharp  59Co  resonance 
line  at  217.4  MHz  and  a  broader  line  extending  from  220  to 
228  MHz.8-10  A  feature  of  all  the  CoMn  materials  studied, 
powdered  alloys,  thin-film  alloys,  and  multilayers  was  that  a 
significant  fraction  of  the  Co  was  in  the  hep  phase.  A  number 
of  sharp,  well-defined  satellite  lines  were  also  identified  be¬ 
tween  197  and  212  MHz.  These  satellite  lines  must  either  be 
associated  with  grain  boundaries  or  with  Co  atoms  with  11 
nearest-neighbor  (N.N.)  Co  and  lXMn  N.N.  FM  aligned  to 
the  Co.  As  the  moment  on  Mn  is  similar  to  that  of  Co,  FM 
alignment  of  a  Mn  impurity  produces  only  a  small  change  in 
hyperfine  field.  A  55Mn  resonance  line  was  measured  at 
377.5  MHz,  which  earlier  experimental  work11  ascribes  to  a 
single  Mn  impurity  atom  FM  coupled  to  12  surrounding  Co 
atoms. 

A  line  at  — 180  MHz  was  found  in  all  the  spectra  mea¬ 
sured  and  tentatively  identified  with  the  atomic  environment 
where  Co  is  surrounded  by  llXCo  and  lXMn  N.N.  AFM 
aligned  to  the  Co.  This  identification  is  in  good  agreement 
with  the  predictions  of  Stepanyuk  et  al.5  for  the  changes  in 
the  Co  hyperfine  field  in  the  presence  of  3 d  impurity  atoms. 
Two  much  weaker,  but  still  well  defined  lines  were  observed 
at  131  and  114  MHz.  The  origin  of  these  lines  is  at  present 
unclear,  although  the  Mn  hyperfine  field  for  Mn  AFM 
aligned  to  12XCo  N.N.  is  calculated  to  be  about  100  MHz.5 
A  paper  containing  a  more  comprehensive  study  of  CoMn 
alloys  is  currently  in  preparation.12 

Figure  1  shows  spectra  from  the  two  thin-film  alloys 
grown  on  glass  and  MgO.  The  spectra  are  split  into  three 
parts  to  allow  for  the  difference  in  amplitude  of  the  various 
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FIG.  2.  59Co  and  55Mn  NMR  spectra  of  Co/Mn  multilayers  at  T~  4.2  K.  The 
echo  amplitude  is  normalised  to  the  top  of  the  Co  fee  line  (—217  MHz),  no 
corrections  for  frequency  or  T2  have  been  made.  The  positions  of  the  free 
Co  fee  and  hep  lines  at  T=  4.2  K  are  marked  for  guidance.  The  composition 
of  the  multilayers  are:  (a)  [Co  30  A/Mn  10  A]XI0  and  (b)  [Co  30  A/Mn  30 
A]x  lo- 

lines.  The  first  point  to  note  is  that  the  film  grown  on  MgO 
has  a  significantly  smaller  fraction  of  Co  in  the  hep  phase 
(220-228  MHz)  than  the  film  grown  on  glass.  Both  alloy 
films  show  a  clear  satellite  line  at  171  MHz.  This  line  is 
probably  associated  with  the  atomic  environment  of  llXCo, 
and  lXMn  AFM  aligned  N.N.,  although  the  frequency  of 
this  environment  is  rather  less  than  that  found  in  the  pow¬ 
dered  sample  (180  MHz).  This  difference  in  frequency  could 
be  explained  in  terms  of  strain,  although  the  reduction  in 
frequency  of  9  MHz  is  rather  large  compared  to  the  reduction 
of  0.4  MHz  (glass)  and  0.8  MHz  (MgO)  in  the  Co  fee  line 
from  the  free-powder  value  of  217.4  MHz.  However  as  the 
Mn  concentration  was  double  that  of  the  powder  it  is  also 
possible  that  Mn  in  the  second  nearest-neighbor  shell  affects 
the  hyperfine  field.  The  Co  signal  from  an  environment  of 
llXCo  and  lXMn  FM  coupled  to  Co  is  contained  in  the 
envelope  of  the  main  Co  line  due  to  the  broadening  of  this 
line  associated  with  sputtered  thin  films.  Closer  inspection  of 
the  180  MHz  satellite  line  reveals  that  the  width  and  shape  of 
the  line  are  somewhat  different  between  the  two  samples  and 
that  the  sample  with  more  hep  Co  has  a  broader  line.  This 
indicates  that  a  Mn  impurity  produces  a  similar  effect  in  both 
fee  and  hep  Co.  A  55Mn  line  at  377.5  MHz  from  FM  coupled 
Mn  is  observed  in  both  spectra  although  the  signal  is  quite 
weak.  A  rather  broad  and  ill  defined  peak  also  appears  to 
exist  around  270  MHz,  but  the  interpretation  of  this  feature  is 
unclear. 

Figure  2  shows  spectra  for  the  two  Co/Mn  multilayers. 
The  main  Co  line  is  similar  for  both  spectra  and  indicates 
that  a  fraction  of  the  Co  is  in  the  hep  phase  for  both  samples, 
as  shown  by  the  intensity  between  220  and  230  MHz.  A 
qualitative  inspection  of  the  data  suggests  a  greater  fraction 
of  the  Co  is  in  the  hep  phase  for  the  sample  with  thicker  Mn 
layers.  This  is  an  interesting  result  as  x-ray  work  on  similar 
materials13  did  not  reveal  the  presence  of  the  hep  phase.  It  is 
possible  that  fet  Co  could  generate  a  hyperfine  field  similar 
to  hep  and  hence  explain  this  result.  The  main  line  in  both 
spectra  is  shifted  to  a  lower  frequency  than  is  expected  for  a 
free  fee  powder.  In  Co/Cu  multilayers  a  frequency  shift  is 
usually  associated  with  an  extensive  strain  in  the  plane  of  the 
film,14  although  a  distortion  of  the  fee  phase  to  fet  might  also 
explain  this  result,  and  would  be  consistent  with  the  x-ray 
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data.  However,  it  is  unlikely  that  a  distortion  of  the  fee  Co 
lattice  to  fet  could  account  for  both  the  apparent  contribution 
from  hep  Co  and  the  reduction  in  the  frequency  of  the  main 
peak.  We  are  currently  undertaking  further  work  in  order  to 
resolve  this  point.12 

Ferromagnetic  resonance  on  e-beam  evaporated  Co/Mn 
grown  on  Ru(0001)15,16  showed,  that  for  Mn  layers  greater 
than  12  A,  Co  was  predominately  in  the  hep  phase.  In  the 
region  outside  the  main  Co  line  the  two  spectra  are  quite 
dissimilar  which  is  consistent  with  work13  which  shows  that 
the  stability  limit  of  the  fcc/fct  Mn  structure  in  these  multi¬ 
layers  is  about  20  A.  Hence  the  spectrum  of  Fig.  2(a)  for  a 
[Co  30  A/Mn  10  A]xl0  multilayer  shows  only  two  well- 
defined  satellite  lines  one  at  172  MHz  (llXCo  and  lXMn) 
and  one  at  377.5  MHz  (Mn  with  12XCo).  The  presence  of  a 
substantial  intensity  in  the  172  MHz  line  and  a  reduced  in¬ 
tensity  in  the  377.5  MHz  line  indicates  that  considerable 
mixing  at  the  interfaces  has  occurred  with  a  preferred  AFM 
alignment  of  Mn. 

The  spectrum  in  Fig.  2(b)  shows  a  more  complicated 
behavior  with  a  strong  line  at  131  MHz.  A  similar,  but  much 
weaker,  line  was  observed  in  the  powder  alloy.  As  the  Mn 
layers  in  this  multilayer  are  thicker  than  the  stability  limit  for 
the  fcc/fct  phase  it  is  reasonable  to  assume  that  an  increased 
amount  of  alloying  has  taken  place,  and  with  the  much  larger 
concentration  of  Mn  it  is  possible  that  this  line  is  associated 
with  the  10XCo+2XMn  N.N.  atomic  environment  where 
both  Mn  are  AFM  aligned  to  the  Co.  However,  it  is  also 
possible  that  the  previously  reported13  dead  Co  layer  adja¬ 
cent  to  Mn  could  account  for  this  line.  Continuing  work  on 
powder  alloys  should  resolve  this  point.  The  broad,  ill- 
defined  feature  at  —270  MHz  is  clearly  visible  in  this  spec¬ 
trum.  The  55Mn  line  at  377.5  MHz  has  a  much  greater  inten¬ 
sity  than  in  the  previous  spectrum  and  this  re-enforces  the 
argument  that  more  mixing  has  occurred  in  the  interfacial 
region. 

IV.  CONCLUSIONS 

59Co  and  55Mn  NMR  on  powder  and  thin-film  CoMn 
alloys  has  shown  that  in  the  dilute  impurity  limit  (1  or  2 
at.  %)  Mn  can  exhibit  both  AFM  and  FM  coupling  to  its  Co 


nearest  neighbors.  The  AFM  alignment  of  the  Mn  gives  a 
reduction  in  the  hyperfine  field  of  the  N.N.  Co  atom  of  17%. 
This  is  in  good  agreement  with  the  calculations  of  Stepanyuk 
et  al.5  Thin-film  CoMn  alloys  with  different  fractions  of  fee 
and  hep  Co  showed  that  the  substitution  of  Mn  into  either  of 
these  phases  produced  a  similar  reduction  in  the  hyperfine 
field  for  this  AFM  alignment  of  Mn.  In  multilayer  films  the 
Co  hyperfine  field  associated  with  both  the  fee  and  hep 
phases  was  observed,  although  x-ray  work  on  similar 
samples  suggested  the  absence  of  hep  Co  and  the  presence  of 
the  fet  phase.  This  NMR  study  confirmed  previous  work  on 
Co/Mn  multilayers  which  showed  that  the  stability  limit  for 
epitaxial  growth  of  Mn  on  Co  is  about  20  A  with  evidence  of 
substantial  interfacial  mixing  for  the  [Co  30  A/Mn  30  A]xl0 
multilayer. 
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Study  of  interface  structure  of  Fe/AI  multilayers 
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Structural  and  magnetic  ordering  of  the  interfaces  determines  the  physical  properties  of  multilayered 
structures.  Interfaces  of  Fe/AI  multilayers  were  studied  using  Mossbauer  effect  spectroscopy.  The 
samples  were  fabricated  by  dc  planar  magnetron  sputtering  at  room  temperature  on  polyester 
substrates.  The  observed  spectra  indicate  that  the  interfaces  have  a  common  structural  composition 
and  for  thin  Fe  layers,  the  whole  Fe  layer  forms  mixed  phases  at  the  interface.  For  larger  Fe  layer 
thickness,  the  interface  is  formed  using  an  about  12-A-thick  Fe  layer.  Besides  the  hyperfine  field 
component  of  bcc  Fe,  six  different  magnetic  components  were  identified  in  all  samples  (with  larger 
Fe  layer  thickness).  The  intensities  of  the  components  were  determined  from  the  area  under  the 
absorption  peaks  of  the  Mossbauer  spectra  of  the  corresponding  phases.  The  average  canting  angle 
of  the  Fe  magnetic  moments,  as  obtained  from  the  spectra,  indicate  parallel  magnetic  anisotropy  for 
all  phases.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)35708-9] 


I.  INTRODUCTION 

There  has  been  a  great  deal  of  interest  for  artificially 
layered  structures  for  their  potential  use  as  new  magnetic 
materials.  The  fundamental  magnetic,  electronic,  and  optical 
properties  of  these  structures  are  quite  different  from  their 
bulk  counterparts,  and  over  the  last  decade,  it  has  been 
shown  that  these  interesting  properties  are  greatly  influenced 
by  the  interfaces  of  the  multilayers.1”3  For  a  better  under¬ 
standing  of  the  fundamental  properties  of  these  multilayers, 
there  is  a  crucial  need  for  comprehensive  studies  of  the  in¬ 
terfaces  for  their  local  structures  using  microscopic  tech¬ 
niques. 

Multilayers  of  Fe/AI  were  chosen  for  the  study  of 
multilayer  interfaces  using  Mossbauer  effect  spectroscopy. 
Fe/AI  has  the  potential  to  be  used  as  thin-film  magnetic  head 
for  recording  media,  and  it  has  been  shown  to  possess  excel¬ 
lent  soft  magnetic  properties  required  for  such  use.4”6  Struc¬ 
tural  ordering  and  magnetic  properties  of  Fe/AI  multilayers 
have  been  studied  in  the  past.4-13  Interfacial  magnetism  of 
Fe/AI  multilayers  were  studied,  in  most  cases,  following  ei¬ 
ther  ion  beam  or  thermal  mixing  of  the  interfaces  using 
Mossbauer  effect  spectroscopy.9”13  Depth  selective  ion  im¬ 
plantation  of  A1  into  Fe  and  Fe  into  A1  was  also  employed  to 
simulate  interfaces  of  Fe/AI  multilayers  for  studies  with 
Mossbauer  effect  spectroscopy.14-16  Results  of  these  Moss¬ 
bauer  investigations  clearly  reveal  a  wide  variety  of  magnetic 
interactions  at  the  interfaces  that  are  characteristic  of  bcc 
iron,  intermetallic,  and  nonmagnetic  phases.  This  particular 
project  was  initiated  to  study  the  structural  and  magnetic 
properties  of  Fe/AI  multilayers  and  correlate  these  properties 
with  the  individual  layer  thicknesses  of  Fe  and  Al. 

II.  EXPERIMENT 

The  samples  with  the  form  of  ( X  A)  Fe/(T  A)  Al  were 
prepared  by  dc  planar  magnetron  sputtering  at  room  tem¬ 
perature.  The  substrate  was  rotated  over  the  Al  and  Fe  sput¬ 
tering  sources  with  a  constant  speed  to  ensure  better  unifor¬ 
mity  of  the  samples.  The  base  pressure  of  the  chamber  was 
about  10-6  Torr  and  a  constant  argon  pressure  of  5  mTorr 
was  maintained  during  deposition.  Individual  layer  thick¬ 


nesses  were  measured  with  the  help  of  a  calibrated  quartz 
crystal  thickness  monitor.  The  substrates  are  polyester  films 
for  transmission  Mossbauer  measurements,  and  glass  slides 
for  x-ray  diffraction  and  other  microprobe  analysis. 

57Fe  Mossbauer  spectra  were  obtained  with  a  conven¬ 
tional  constant  acceleration-type  spectrometer.  A  25  mCi 
source  of  57Co  in  rhodium  matrix  was  used,  and  the  velocity 
was  calibrated  with  a  natural  Fe  foil.  Mossbauer  spectra  of 
all  samples  were  least-squares  fitted  with  seven  sextets. 

III.  RESULTS  AND  DISCUSSION 

The  room-temperature  Mossbauer  spectra  of  four  Fe/AI 
multilayers  are  shown  in  Fig.  1.  Some  of  the  spectra  clearly 
display  the  “shoulder”  features  indicating  the  presence  of 
more  than  one  magnetic  interactions,  which,  in  turn,  implies 
more  than  one  site  for  57Fe  isotopes.  Mossbauer  spectra  of 
three  samples  (B,C,D)  with  the  same  Al  layer  thickness  look 
quite  different.  This  may  imply  that  the  interfaces  of  Fe/AI 
multilayers  sensitively  depend  on  the  layer  thickness  of  both 
constituent  elements  and  the  degree  of  mixing  at  the  inter- 


FIG.  1.  Room-temperature  Mossbauer  spectra  of  Fe/AI  multilayer  samples: 
A  (19  A  Fe/5  A  Al),  B  (11  A  Fe/11  A  Al),  C  (21  A  Fe/11  A  Al),  and  D  (60 
A  Fe/11  A  Al). 
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TABLE  I.  Sample  parameters,  hyperfine  fields,  and  corresponding  intensi¬ 
ties. 


Sample 

A 

B 

C 

D 

x  (A) 

19 

11 

21 

60 

y  (A) 

5 

11 

11 

11 

HF 

I 

HF 

I 

HF 

I 

HF 

/ 

(kG) 

{%) 

(kG) 

(%) 

(kG) 

(%) 

(kG) 

(%) 

sitel 

325 

49 

321 

0 

321 

36 

329 

77 

site2 

292 

16 

288 

0 

293 

15 

292 

7 

site3 

263 

13 

252 

23 

266 

14 

258 

5 

site4 

228 

7 

216 

19 

234 

11 

227 

2 

site5 

170 

6 

168 

30 

182 

8 

179 

2 

site6 

130 

5 

120 

7 

119 

9 

122 

3 

site7 

28 

4 

48 

20 

33 

7 

49 

4 

H  avg 

273 

169 

248 

301 

Here,  X  is  the  Fe  layer  thickness,  Y  is  the  A1  layer  thickness,  HF  are  the 
hyperfine  fields,  and  I  are  the  corresponding  intensities. 


face.  Diffusion  of  Fe  into  A1  and  A1  into  Fe  may  lead  to 
formation  of  stable  compounds  as  well  as  amorphous  phases 
of  Fe-Al  alloy.  This  diffusion  process  may  segregate  Fe  at¬ 
oms  in  A1  matrix  with  fee  symmetry  and  A1  atoms  in  Fe 
matrix  with  bcc  symmetry.  To  identify  these  different  inter¬ 
facial  structures  and  the  extent  of  the  interface,  Mossbauer 
spectra  were  all  fitted  with  seven  sextets  corresponding  to 
seven  dominant  57Fe  sites.  Results  of  these  fittings,  along 
with  the  sample  compositions,  are  provided  in  Table  I.  For¬ 
mation  of  any  Fe  clusters  in  the  samples  is  highly  unlikely  as 
none  of  the  spectra  show  any  discernible  paramagnetic  fea¬ 
ture  at  the  center  of  the  spectrum. 

As  can  be  seen  from  Table  I,  site  1  represents  the  most 
dominant  Fe  phase  for  samples  A,  C,  and  D.  Hyperfine  field 
of  site  1  of  sample  D  is  329  kG  and  is  typical  of  bcc  Fe,  and 
for  samples  A  and  C  it  is  325  and  321  kG,  respectively.  This 
slightly  smaller  field  for  site  1  for  samples  A  and  C  directly 
scales  with  the  unmixed  Fe  layer  thickness  of  the  respective 
samples.  The  size  of  the  interface  of  the  samples  studied  is 
about  12  A,  as  will  be  shown  later,  and  hence  the  thicknesses 
of  unmixed  Fe  layers  for  samples  A  and  C  are  about  7  and  9 
A,  respectively.  A  reduction  of  hyperfine  field  compared  to 
bulk  bcc  Fe  is  expected  for  such  thicknesses  due  to  the  finite 
size  effect.  For  interpretation  of  our  results,  site  1  will  be 
considered  as  bcc  Fe  like,  and  will  not  be  considered  as  part 
of  the  interface.  Site  1  is  completely  absent  in  sample  B,  and, 
therefore,  the  multilayered  structure  for  this  sample  is  not 
conserved,  and  all  Fe  atoms  belong  to  the  interface. 

The  second  sextet,  corresponding  to  site  2,  with  a  hyper¬ 
fine  field  of  292  kG  is  due  to  stable  Fe3Al  phase,9  and  is 
common  for  samples  A,  C,  and  D.  This  site  is  also  absent  in 
sample  B.  The  first  major  site  for  sample  B  is  the  site  3  with 
a  hyperfine  field  of  252  kG,  which  is  representative  of  a 
stable  phase  of  random  alloy  of  the  form  Fe55Al45  with  bcc 
symmetry.  Site  3  for  samples  A,  C,  D  is  different  from  that  of 
sample  B,  and  has  an  average  hyperfine  field  of  262  kG, 
which  is  close  to  the  predicted  hyperfine  field  of  a  homoge¬ 
neous  Fe-Al  alloy  having  a  Fe  site  with  three  A1  atoms  as 
nearest  neighbors.17  Hyperfine  fields  of  site  4  of  all  samples 
are  close  together  with  an  average  field  of  226  kG,  and  this 
field  is  close  to  the  predicted  hyperfine  field  of  a  homoge- 
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Fe  layer  thickness  (A) 

FIG.  2.  Plot  of  the  average  hyperfine  field  as  a  function  of  Fe  layer  thick¬ 
ness.  For  samples  B,  C,  and  D  the  A1  layer  thickness  is  11  A,  and  for  sample 
A  it  is  5  A. 


neous  Fe-Al  alloy  having  a  Fe  site  with  four  A1  atoms  as 
nearest  neighbors.17  Although  site  4  is  small  for  samples  A, 

C,  D;  it  is  quite  significant  for  sample  B. 

Aside  from  the  four  iron-rich  phases  that  were  described 
above,  three  aluminum-rich  phases  were  also  detected.  First 
one  of  this  is  the  site  5  with  an  average  hyperfine  field  of  175 
kG.  This  field  is  close  to  the  predicted  hyperfine  field  of  an 
aluminum-rich  Fe-Al  alloy  having  a  Fe  site  with  six  A1  at¬ 
oms  as  nearest  neighbors.9  This  site  is  the  most  dominant  site 
for  sample  B.  Site  5  is  very  small  for  all  samples,  and  has  an 
average  field  of  122  kG.  It  has  been  predicted  to  be  the  field 
of  a  aluminum-rich  Fe-Al  alloy  with  Fe  site  having  eight 
near-neighbor  A1  with  fee  symmetry.9  Site  7  is  quite  small 
for  samples  A,  C,  and  D,  but  significant  for  sample  B  with 
20%  of  the  Fe  atoms  belonging  to  this  site.  The  hyperfine 
field  for  this  weak  magnetic  site  for  samples  B  and  D  is 
about  48  kG,  which  is  close  to  the  predicted  field  of  a  meta¬ 
stable  homogeneous  Fe-Al  alloy  having  a  Fe  site  with  eleven 
A1  atoms  with  fee  symmetry  as  nearest  neighbors.9  The  hy¬ 
perfine  field  for  site  7  for  samples  A  and  C  is  about  30  kG, 
and  the  corresponding  Fe  site  is  probably  very  unstable  and 
not  easy  to  predict. 

From  the  above  discussion  it  is  quite  clear  that  the  inter¬ 
face  of  Fe/Al  multilayers  is  composed  of  a  few  distinctly 
identifiable  stable  and  metastable  phases,  and  most  of  these 
phases  are  common  to  all  the  samples.  This  fact  indicates 
that  the  underlying  mechanism  for  the  formation  and  nucle- 
ation  of  the  interfaces  of  the  samples  under  study  is  the  same. 

The  results  show  that  despite  increasing  Fe  layer  thickness 
the  interface  is  formed  by  roughly  the  same  number  of  Fe 
atoms  corresponding  to  a  Fe  layer  thickness  of  about  12  A.  It 
is  also  clear  from  above  discussion  that  the  diffusion  of  Fe 
and  A1  atoms  is  greatly  influenced  by  the  individual  layer 
thicknesses.  When  the  individual  Fe  layer  thickness  is  greater 
than  the  A1  layer  thickness,  diffusion  results  in  mostly  Fe- 
rich  phases,  whereas  for  sample  B,  for  which  the  Fe  and  A1 
layer  thicknesses  are  the  same,  it  results  in  mostly  Al-rich 
phases. 

We  find  it  useful  to  define  an  average  hyperfine  field 
which  is  the  weighted  sum  of  all  hyperfine  components.  The 
average  hyperfine  field  of  all  samples,  is  listed  in  Table  I,  and 
plotted  in  Fig.  2  as  a  function  of  Fe  layer  thickness.  The 
average  hyperfine  field  of  the  three  samples  (B,C,D)  with  the 
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same  A1  layer  thickness  decreases  with  Fe  layer  thickness. 
The  smaller  the  Fe  layer  thickness  the  larger  the  fraction  of 
the  Fe  atoms  that  belong  to  the  interface  where  they  form 
stable  alloy  phases  with  hyperfine  fields  less  than  the  bcc  Fe 
phase.  This  decrease  of  hyperfine  field  with  Fe  layer  thick¬ 
ness  is  very  similar  to  what  has  been  observed  in  homoge¬ 
neous  Fe^Alj.^  alloys.18  The  decrease  of  the  average  hyper¬ 
fine  field  of  sample  A  is,  however,  not  consistent  with  the 
corresponding  decrease  of  that  for  samples  B,  C,  D.  This  is  a 
clear  indication  that  the  average  hyperfine  field  sensitively 
depends  on  the  thickness  of  both  Fe  and  A1  layers.  The  in¬ 
tensity  ratios  of  the  Mossbauer  lines  (roughly  3:4:1)  imply 
that  the  average  direction  of  magnetization  lies  in  the  plane 
of  the  sample,  as  expected. 

IV.  CONCLUSIONS 

Results  of  our  Mossbauer  experiment  with  a  limited 
number  of  samples  show  that  all  the  interfaces  of  Fe/Al  mul¬ 
tilayers  are  unique  and  are  composed  of  distinct  stable  and 
metastable  phases.  Seven  such  phases  were  detected  and 
identified.  Only  two  of  these  phases  (site  1  and  site  2)  were 
previously  detected  in  a  similar  sample  of  Fe/Al  multilayer.15 
Results  establish  that  the  average  thickness  of  the  interface  is 
about  12  A,  and  the  diffusion  of  Fe  and  A1  atoms  depends  on 
the  individual  layer  thicknesses  of  both  elements.  The  aver¬ 
age  hyperfine  field  of  the  samples  with  constant  A1  layer 
thickness  decreases  with  Fe  layer  thickness.  The  observed 


Mossbauer  line  intensities  indicate  an  inplane  magnetic  an¬ 
isotropy  at  room  temperature  for  all  samples. 
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Effect  of  ion  beam  mixing  on  microstructure  and  magnetic  properties 
of  Gd-Co  multilayer  films 
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This  work  investigated  the  effect  of  ion  beam  mixing  on  the  magnetic  and  structural  characteristics 
of  Gd-Co  multilayer  films.  Multilayer  films  with  bilayer  periods  (BP)  from  10  to  300  A  were  mixed 
by  150  to  300  keV  Ar+  ion  doses  of  1016  cm-2.  The  magnetizations  of  the  as-deposited  multilayers 
were  dominated  by  oxidation,  and  by  the  asymmetric  redistribution  of  Co  atoms.  Ion  beam  mixing 
eliminated  much  of  these  effects,  but  the  degree  was  strongly  dependent  on  the  layer  thickness.  The 
small  BP  films  were  completely  mixed,  with  amorphous  nanoparticles,  but  the  large  BP  films 
contained  small,  microcrystals  in  an  amorphous  matrix  due  to  incomplete  mixing.  The  magnetic 
moment  of  ion  beam  mixed  films  were  strongly  dependent  on  the  ion  beam  energy  and  the  layer 
thickness.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)25008-0] 


I.  INTRODUCTION 

Ion  beam  mixing  of  layered  thin  films  often  results  in 
nonequilibrium  amorphous  alloys  that  cannot  be  obtained  by 
common  techniques  such  as  liquid  quenching,  vapor  deposi¬ 
tion,  and  solid  state  reaction.  Ion  beam  mixing  of  magnetic 
multilayers  can  produce  materials  with  scientifically  interest¬ 
ing  nonequilibrium  structures,  and  potentially  useful  mag¬ 
netic  properties. 

There  has  been  considerable  previous  research  on  ion 
beam  mixing  of  magnetic  multilayers  in  which  the  correla¬ 
tion  between  the  microstructure  of  ion  beam  mixed  films  and 
their  magnetic  properties  has  been  reported  for  a  wide  vari¬ 
ety  of  alloys.1  In  our  previous  study,  ion  beam  mixed  Co-B 
multilayers  were  shown  to  be  hetero-amorphous,  soft  mag¬ 
netic  films,  that  were  ferromagnetic  with  significantly  larger 
boron  concentrations  than  alloy  films.2  This  work  investi¬ 
gated  the  effect  of  ion  beam  mixing  on  the  microstructure 
and  magnetic  characteristics  of  Gd-Co  multilayers.  We  report 
the  correlations  in  the  ion  induced  changes  in  magnetic  prop¬ 
erties,  and  the  nanostructural  morphological  features,  as  a 
function  of  layer  thicknesses  of  the  Gd-Co  multilayer  films, 
and  the  ion  beam  energy. 

II.  EXPERIMENTS 

Multilayered  Gd-Co  films  with  bilayer  periods 
(BP=TGd+TCo,  TGi/TCo~l)  from  10  to  300  A  were  depos¬ 
ited  by  alternately  sputtering  Gd  and  Co  in  a  multitarget,  rf 
diode  sputtering  system.  A  background  pressure  of  5X10-7 
Torr  and  argon  sputter  gas  pressure  of  10  mTorr  were  used. 
The  ion  mixing  of  ^800-900-A-thick  multilayer  films  was 
carried  out  in  an  ion  implanter  using  Ar+  ions  with  energies 
in  the  range  of  150-300  keV,  and  a  dose  of  1 0 1 ' 1  ions/cm2. 
The  projected  ranges  and  deviations  calculated  from 
Lindhard,  Scharff,  and  Schidtt  (LSS)  range  statistics  for 
these  beam  parameters  (Table  I)  were  selected  to  ensure  that 
the  ions  were  fully  stopped  in  the  films.  The  substrates  of  the 
multilayered  films  were  held  at  liquid  nitrogen  temperature 
during  ion  beam  mixing.  The  changes  in  the  compositional, 


^Presently  at  Materials  Research  Corp,  Advanced  Technology  Division,  Or¬ 
angeburg  NY  10962. 


structural,  and  magnetic  properties  of  the  ion  beam  mixed 
Gd-Co  multilayer  films  were  characterized,  respectively,  by 
AES  (Auger  electron  spectroscopy)  depth  profiling,  x-ray 
diffraction,  TEM  (transmission  electron  microscopy),  Lor- 
entz  microscopy,  and  B-H  hysteresisgraph. 

IK.  RESULTS  AND  DISCUSSION 
A.  As-deposited  Gd-Co  multilayer  films 

The  compositional  modulation  of  Gd  and  Co  layers  in 
Gd-Co  multilayer  films  was  observed  as  a  function  of  layer 
thickness.  The  AES  depth  profiles  of  the  as-deposited  Gd-Co 
multilayer  films  in  Fig.  1  shows  the  periodic  distributions  of 
Gd  and  Co  atoms,  and  oxygen  peaks  in  the  Gd  layers.  Due  to 
the  higher  affinity  of  Gd  for  oxygen,  the  Gd  layers  are  selec¬ 
tively  oxidized.  An  asymmetric  distribution  of  Co  atoms  was 
also  observed,  possibly  due  to  a  greater  diffusion  of  Co  at¬ 
oms  into  the  Gd  layer,  compared  to  the  diffusion  of  Gd  atoms 
into  the  Co  layer. 

Cross-sectional  TEM  micrographs  of  the  multilayered 
films  showed  that  the  growth  of  Gd  and  Co  grains  was  lim¬ 
ited  to  within  each  atomic  layer.  The  Co  grains  were  colum¬ 
nar  and  grew  perpendicular  to  the  film  plane.  Since  Gd-Co 
alloys  readily  form  amorphous  phases,  the  polycrystalline 
grain  size  of  Gd-Co  multilayer  films  was  strongly  dependent 
on  the  layer  thickness.  The  change  in  the  grain  size  of  the 
various  Gd-Co  multilayer  films  was  determined  from  the  De¬ 
bye  Sherrer  equation3  using  the  line  broadening  of  the  two 
principal  x-ray  peaks  for  hep  Gd(10.0)  and  Co(00.2).  The 
measured  grain  sizes  agreed  well  with  those  obtained  from 
TEM  micrographs.  As  shown  in  Fig.  2,  in  all  of  the  films,  the 
grain  sizes  of  Gd  and  Co  were  found  to  be  smaller  than  the 
Gd  and  Co  layer  thickness,  suggesting  that  their  growth  was 


TABLE  I.  LSS  range  statistics  for  ion-implantation  of  Ar+  ions  into 
Gd25Co75 . 


Energy 

(keV) 

Range 

(A) 

Standard 

deviation 

150 

614 

241 

200 

821 

304 

300 

1242 

419 
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FIG.  1.  Auger  depth  profiles  of  as-deposited  Gd-Co  multilayer  films  as  a 
function  of  bilayer  period. 

limited  by  neighboring  different  atomic  layers.  The  Co  grain 
growth  increased  linearly  with  layer  thickness,  but  the  Gd 
growth  increased  more  slowly,  possibly  due  to  the  asymmet¬ 
ric  diffusion  of  Co. 

The  in-plane  magnetizations  of  Gd-Co  multilayer  films 
were  measured  with  a  thin  film  hysteresis  loop  tracer  with  an 
applied  field  of  100  Oe.  As  shown  in  Fig.  3,  the  magnetiza¬ 
tions  of  the  Gd-Co  multilayer  films  increased  with  the  BP, 
and  their  coercivities  were  less  than  50  Oe.  Using  their  mea¬ 
sured  total  magnetization,  we  estimated  the  average  mag¬ 
netic  moment  per  Co  atom  (/^)  in  each  film.  As  the  BP 
increased,  the  estimated  value  of  the  Co  magnetic  moment 
increased  due  to  the  large  magnetic  moment  of  isolated  Co 
grains  in  films  with  larger  BP.  The  values  of  ftp  in  Gd-Co 
multilayer  films  were  lower  than  those  of  Co  atoms  (**'1.7 
/^),  possibly  due  to  an  antiferromagnetic  (AF)  coupling  at 
the  Gd/Co  interfaces.  The  reduced  magnetic  moment  per  Co 
atom  of  the  small  BP  films,  compared  to  those  of  the  larger 
BP  films,  was  ascribed  to  an  enhancement  of  AF  coupling  at 
Gd/Co  interfaces. 

B.  Ion  beam  mixed  Gd-Co  multilayer  films 

The  degree  of  ion  beam  mixing  was  strongly  dependent 
on  the  layer  thickness  of  multilayer  films.  As  shown  in  the 
AES  depth  profiles  of  the  films  mixed  with  200  keV  Ar+  ions 


FIG.  2.  Change  in  grain  size  of  Gd-Co  multilayer  films  with  layer  thickness 
(Tco/Tod-l). 


FIG.  3.  B-H  loops  of  Gd-Co  multilayer  films  as  a  function  of  bilayer  pe¬ 
riod:  (a)  10,  (b)  50,  (c)  100,  (d)  200,  and  (e)  300  A. 

(Fig.  4),  the  small  BP  film  (^100  A)  was  completely  mixed 
throughout  the  film  thickness,  but  some  compositional 
modulation  was  observed  in  the  large  BP  film  (^200  A) 
indicating  that  the  ion  mixing  was  incomplete.  The  principal 
x-ray  diffraction  (XRD)  peaks  observed  in  the  small  BP 
multilayer  films  (BP^lOO  A)  were  no  longer  detected  due  to 
the  amorphization  by  ion  beam  mixing,  and  the  peak  inten¬ 
sity  of  large  BP  films  was  also  sharply  reduced  by  intermix¬ 
ing  of  Gd  and  Co  layers. 

The  morphologies  observed  in  the  ion  beam  mixed  films 
varied  with  the  layer  thickness  in  the  multilayer  films,  and 
with  the  beam  energy.  As  shown  in  Fig.  5,  films  with  a  10  A 
BP  had  a  hetero-amorphous  morphology  with  spherical, 
nanoscale  (70  A)  features  when  mixed  by  a  150  keV  beam, 
but  those  mixed  at  300  keV  had  a  morphology  with  a  uni¬ 
form  distribution  of,  amorphous,  chainlike  features.  The 
change  in  morphology  with  ion  beam  energy  is  likely  asso¬ 
ciated  with  the  difference  in  the  ballistic  displacements  of  Gd 
and  Co  atoms  during  mixing.  The  spherical  morphologies  of 
the  ion-mixed,  small  BP  films  was  similar  to  that  observed  in 
completely  mixed  Co-B  multilayer  films.2  As  the  layer  thick¬ 
ness  increased,  the  ion  beam  mixing  was  incomplete,  and  the 
films  contained  microcrystals  embedded  in  an  amorphous 
matrix.  However,  the  microcrystals  of  ion  beam  mixed  films 
were  much  smaller  than  those  of  as-deposited  films  due  to 
the  destruction  of  microcrystals  by  the  implanted  ions.  The 
uniform  amorphous  matrix  seen  in  the  TEM  micrographs  of 
Figs.  5(b),  5(c)  of  large  BP  (300  A)  multilayers  mixed  at 
higher  ion  energies  (300  keV),  is  similar  to  the  morphology 


FIG.  4.  Auger  depth  profiles  of  Gd-Co  multilayer  films  mixed  with  200  keV 
Ar+  ions. 
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FIG.  5.  TEM  micrographs  of  (a)  as-deposited  Gd-Co  multilayer  films  and 
ion-mixed  films  with  (b)  150  keV  and  (c)  300  keV  Ar  ions:  left:  BP=10  A, 
right:  BP- 300  A. 


of  the  as-deposited  multilayer.  These  layers  were  incom¬ 
pletely  mixed  because  the  penetration  depth  (projected  range 
«*1240  A)  for  the  300  keV  ions  was  comparable  to  the  film 
thickness. 

The  domain  patterns  observed  by  Lorentz  microscopy 
(Fig.  6)  in  multilayers  with  a  300  A  BP,  show  that  the  strong 
ripple  pattern  associated  with  the  crystalline  Co  layers  in  the 
as-deposited  films,  was  not  observed  in  the  ion  beam  mixed 


FIG.  6.  Lorentz  micrographs  showing  the  changes  in  the  magnetization 
distribution  and  domain  structure  of  (a)  the  as-deposited  (BP— 300  A)  film, 
and  (b-ui)  after  ion-mixing  with  increasing  dosage  of  a  200  keV  Ar+ 
beam. 


FIG.  7.  Change  in  magnetic  moment  per  Co  atom  of  as-deposited,  and  ion 
beam  mixed  Gd-Co  multilayer  films  with  bilayer  period. 

film.  After  ion  mixing,  the  irregular  submicron  domain  struc¬ 
ture  of  the  as-deposited  films  was  replaced  by  a  single  do¬ 
main  with  a  weak  magnetization  ripple.  Intermediate  ion 
mixing  produced  domains  with  a  360°  wall  structure,  and 
coupled  domain  walls,  similar  to  those  observed  in  100  A  BP 
multilayer  films. 

The  changes  in  magnetic  moments  of  the  ion  beam 
mixed  films  with  ion  beam  energy  are  shown  in  Fig.  7  as  a 
function  of  BP.  After  ion  beam  mixing,  the  magnetic  mo¬ 
ments  of  the  larger  BP  films  were  greatly  decreased  due  to 
the  destruction  of  crystalline  Co  grains  and  the  enhanced  AF 
coupling  of  Gd/Co  pairs,  but  those  of  small  BP  films  changed 
only  slightly.  When  the  Ar+  ion  energy  was  increased  from 
150  to  200  or  300  keV,  the  magnetic  moment  of  the  small  BP 
films  was  increased  but  that  of  large  BP  films  did  not  change. 
Since  the  layered  structure  of  films  with  large  BP  was  not 
completely  mixed  by  ion  beam  energies  of  150  or  300  keV, 
their  magnetic  moment  was  nearly  independent  of  ion  beam 
energy.  However,  the  magnetic  moment  of  films  with  a  small 
BP  increased  with  the  ion  energy,  indicating  a  change  in  the 
nearest-neighbor  atomic  exchange  with  ion  energy.  The  en¬ 
ergy  dependent  increase  in  the  magnetic  moment  of  the  small 
BP  films  is  ascribed  to  the  enhancement  of  interfacial  ex¬ 
change  in  the  hetero-amorphous  state.  This  enhancement  is 
evident  in  the  2D—>3D  transition  in  the  TEM  morphology 
(Fig.  5)  of  the  ion-mixed  film  (10  A  BP). 
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Conventional  microwave  ferromagnetic  resonance  (FMR)  techniques  have  proven  very  useful  in  the 
investigation  of  coupled  magnetic  multilayer  systems.  Here  we  show  theoretically  that  with 
sufficiently  high  powers,  a  microwave  magnetic  field  applied  either  parallel  or  perpendicular  to  the 
dc  field,  can  drive  nonlinear  effects.  The  Landau-Lifschitz  equation  is  used  to  obtain  the  nonlinear 
equations  of  motion  for  the  two  normal  modes  of  a  coupled  two-layer  system.  In  the  usual  FMR 
configuration,  only  the  acoustic  mode  is  coupled  to  the  driving  field.  However,  for  driving  fields 
above  a  critical  value,  energy  can  be  transferred  to  the  optic  mode,  in  a  process  similar  to  the 
subsidiary  resonance  observed  in  spin-wave  systems.  At  higher  driving  the  system  may  display 
well-known  transitions  to  chaos.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)27208-7] 


The  interlayer  exchange  coupling  between  two  ferro¬ 
magnetic  films  provided  by  a  metallic  nonmagnetic  spacer 
gives  rise  to  a  variety  of  phenomena  which  have  attracted 
considerable  interest  in  recent  years.1-3  The  dynamic  mag¬ 
netic  excitations  in  trilayer  “sandwich”  structures  have  been 
studied  by  ferromagnetic  resonance  (FMR)  and  Brillouin 
scattering  techniques.4  All  investigations  so  far  have  been 
restricted  to  the  linear  regime  of  the  excitations.  However, 
the  equations  of  motion  of  the  magnetizations  in  the  two 
coupled  films  are  highly  nonlinear.  In  this  article  we  investi¬ 
gate  the  conditions  under  which  nonlinear  phenomena  can  be 
manifest  in  these  systems. 

We  consider  two  ferromagnetic  layers  with  uniform 
magnetizations  and  M2  in  a  static  external  field  z  H0 , 
applied  in  the  film  plane.  We  assume  that  the  two  layers  have 
the  same  thickness  t  and  are  made  of  the  same  material,  so 
that  they  have  the  same  g  value  and  the  same  saturation 
magnetization,  M  1  =  Af2  =  Af.  The  exchange  energy  per  unit 
area  is  E=  —A12M1*M2/M1M2,  where  the  interaction  con¬ 
stant  A 12  can  be  positive  (ferromagnetic)  or  negative  (anti¬ 
ferromagnetic).  In  the  latter  case  we  assume  that 
/70>2|/7exc|=2|A12|//M  so  that  in  equilibrium  the  two  mag¬ 
netizations  are  parallel  to  each  other.  The  motion  of  the  mag¬ 
netization  is  driven  by  a  microwave  oscillating  field 
h  cos  cot ,  applied  either  perpendicular  to  the  static  field 
(along  x,  in  the  film  plane),  as  in  a  FMR  experiment,  or 
parallel  to  the  field  (£  direction).  The  motion  of  each  mag¬ 
netization  is  described  by  the  Landau-Lifschitz  equation, 


The  linearized  equations  of  motion,  obtained  with  Mf 
yield  two  normal  modes.  In  the  acoustic,  or 
symmetric  ( S )  mode,  the  magnetizations  precess  parallel  to 
one  another  with  frequency  co5=cu0=  y[fi0(H0  +  47rM)]m. 
In  the  optic,  or  antisymmetric  (A)  mode,  the  two  precessions 
are  out  of  phase  and  the  frequency  is  o)A  =  a)0  +  y2Hexc.  In 
the  perpendicular  pumping  configuration  the  symmetric 
mode  is  linearly  coupled  to  the  driving  field  whereas  the 
antisymmetric  mode  is  not  coupled  to  the  driving. 

The  nonlinearity  in  the  equations  of  motion  arises  from 
the  fact  that  Aff  is  related  to  the  transverse  components  of  M 
by  higher  order  terms, 

MZi  =  [M2-{Mf +Mf)/2M. 

(3) 

This  leads  to  terms  in  the  equations  of  motion  involving 
products  of  three  transverse  components.  In  order  to  obtain 
the  working  equations  from  (1)  we  proceed  with  the  follow¬ 
ing  steps:  (i)  elliptically  polarized  variables  are  introduced 
by  Mf  —  M*±  ieM] ,  where  the  ellipticity  e  is  defined  in  Eq. 
(2);  (ii)  these  variables  are  then  replaced  by  slowly  varying 
amplitudes  in  a  frame  rotating  with  frequency  co, 
M.~M*  exp (icot);  (iii)  normal  mode  variables  in  the  rotat¬ 
ing  frame  are  introduced  through  the  transformations, 

as=(M1  +  M2)/V2M,  aA  =  (Ml-M2)/V2M.  (4) 

The  resulting  equations  of  motion  for  the  normal  mode 
variables  in  the  perpendicular  pumping  configuration  are, 


dMi 

—  =  rM,XH,., 


(1) 


das 

dt 


~  ( rj-\-  iAa)s)as+  yh(  1  +  e)/V2  -  ili(asasa$ 


where  the  effective  field  H,  acting  on  Mt  is  related  to  the 
free-energy  E(  per  unit  volume  through  Hz  =  —  8EildM.i  and 
y  is  the  gyromagnetic  ratio  (2.8  g/2  GHz/kOe).  The  damping 
is  introduced  by  a  phenomenological  term  with  relaxation 
rate  rj. 

Note  that  the  dynamic  demagnetizing  energy  introduces 
a  uniaxial  field  perpendicular  to  the  film  plane,  in  the  form 
H]  =  ”47 tM].  As  a  result  the  precession  of  the  magnetiza¬ 
tion  has  an  ellipticity  given  by 

e  =  [(H0  +  4irM)/H0]m.  (2) 


+  aAaAa^  +  2asaAaX), 


(5) 


da  A 

dt 


-{rj+iS<1)A)aA-iQlaAaAaf-iQ1asotsal 


—  iQzasa* a a  >  (6) 

where  A(os—  cos~o)  and  A  a)A  =  coA  -  co  are  the  detunings  and 
the  nonlinear  parameters  are 

21  =  71+2T2+4r3,  22-r1+2r2”4r3, 

(7) 

23  =  27^-472,  V 
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where 


1.5 


rl=r^L(l+Ve%  Tj-Z^ 


ytfe 


(8) 


(1  +  1/e2)2. 
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Note  that  Eqs.  (5)  and  (6)  resemble  those  describing  the 
nonlinearities  in  spin  wave  perpendicular  pumping  in  the 
two-mode  approximation.5-7  However,  whereas  the  deriva¬ 
tion  of  the  spin  wave  equations  involve  transformations  from 
spin  to  magnon  operators  and  lengthy  algebraic  treatment  of 
the  magnon  Hamiltonian,5  here  the  equations  follow  in  a 
straightforward  manner  from  the  Landau-Lifschitz  equation. 
One  also  sees  in  Eqs.  (5)  and  (6)  that  while  the  S  mode  is 
driven  linearly  by  the  oscillating  field,  the  A  mode  does  not 
couple  to  the  external  field.  However,  the  A  mode  can  be 
excited  indirectly  by  the  S  mode  via  the  last  two  nonlinear 
terms  in  Eq.  (6).  This  excitation  is  characterized  by  an  expo¬ 
nential  growth  of  the  amplitude  aA  when  the  driving  field 
exceeds  some  threshold  value  hc , 

hc~[(r;2  +  A(02s)(  r}2+AM2A)m/y3\ HeJ  ] m.  (9) 


Through  this  process  an  absorption  peak  will  appear  at  the 
frequency  of  the  A  mode  at  sufficiently  high  power,  similarly 
to  the  subsidiary  resonance  observed  in  FMR  experiments.7,8 
In  good  crystalline  metallic  films,  such  as  Fe,  Ni,  or  Co,  the 
FMR  linewidths  are  on  the  order  of  20-40  Oe,  as  compared 
to  10” 1  Oe  in  yttrium  iron  garnet  (YIG).  As  a  result  the 
critical  fields  in  metallic  films  are  at  least  103  larger  than  in 
YIG  films  in  which  nonlinear  effects  have  been  widely  stud¬ 
ied.  The  detunings  also  contribute  to  increase  the  values  of 
hc .  Thus,  in  order  to  bring  hc  to  more  reasonable  values  one 
should  work  with  sandwiches  with  large  antiferromagnetic 
exchange  coupling  near  the  region  where  the  dispersion  re¬ 
lations  of  the  two  modes  cross9  [the  actual  normal  modes  in 
the  spin-flop  configuration  yield  equations  similar  to  Eqs.  (5) 
and  (6)].  As  the  h  field  increases  further  above  hc,  the  A 
mode  reacts  back  on  the  S  mode  through  the  last  two  non¬ 
linear  terms  in  Eq.  (5).  As  a  result,  at  some  critical  value 
hfc  there  is  a  new  bifurcation  whereby  the  fixed  point  be¬ 
comes  unstable  and  the  system  starts  to  oscillate.  The  ampli¬ 
tude  of  the  spin  precession  grows  in  one  mode  at  the  expense 
of  the  other,  resulting  in  a  dynamic  alternating  energy  shuf¬ 
fling  between  the  two  modes.  The  frequency  of  this  self¬ 
oscillation  is  on  the  order  of  rj .  In  order  to  study  this  further 
one  must  resort  to  numerical  solutions  of  Eqs.  (5)  and  (6). 

The  numerical  results  presented  here  were  obtained  with 
the  following  parameters:  AioJrj—OA,  Ao>a/?7=“0.4, 
T{/y=T2/v-  10,  and  7y  77=3.2.  These  are  approximately 
valid  for  a  Ni/Ag/Ni  sandwich  with  AF  coupling  near  the 
mode-crossing  frequency  with  parameters:  47tM~4  kOe, 

H~  1.5  kOe,  A//—30  Oe,  and  tfexc - 50  Oe.  Figure  1 

shows  the  time  record  of  \aA(t)\  and  the  phase  portrait 
\aA(t)\  vs  \as(t)\  as  the  control  parameter  R=yh(l+e)/ 
V2y  increases  from  0.875  to  0.898.  The  initial  conditions  at 
t~  0  have  been  chosen  so  that  the  transient  response  to  the 
limit  cycles  is  negligible.  For  R =0.875  the  response  is  peri¬ 
odic  and  the  frequency  in  this  case  is  — 0.3  77.  Similar  to  the 


FIG.  1.  Time  series  of  \aA\  (left  panels)  and  phase  portraits  \aA(t)\  vs 
|a5(f)|  (right  panels)  in  the  period-doubling  region.  Parameters  are  given  in 
the  text. 

high-power  ferromagnetic  resonance  in  bulk  samples,  this 
frequency  increases  with  increasing  R.  Period  doubling  is 
shown  for  R  =0.888  and  a  period-4  oscillation  is  shown  for 
R  =0.893.  Higher-order  bifurcations  are  observed  as  the  driv¬ 
ing  field  is  further  increased,  accumulating  at  a  critical  value 
7?c=0.8942... .  The  lower  panel  in  Fig.  1  shows  the  strange 
attractor  for  R  =0.898.  The  overall  period-doubling  scenario 
is  shown  in  the  bifurcation  diagram  of  Fig.  2,  obtained  from 
the  local  maxima  of  \aA(t)\  as  a  function  of  R.  There  are 
many  periodic  windows  in  the  chaotic  region  ( R>RC ),  the 
period-3  one  being  the  largest,  bearing  close  resemblance  to 
the  behavior  of  the  standard  logistic  map.10 


FIG.  2.  Bifurcation  diagram  obtained  from  the  local  maxima  of  |aA(f)|. 
Parameters  are  given. 
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In  the  case  where  the  driving  field  is  applied  parallel  to 
the  static  field,  both  modes  are  driven  nonlinearly  with  a 
term  of  the  type  haK ,  where  \=S,A.  In  this  case  each  mode 
grows  unstable  only  when  the  driving  exceeds  its  critical 
value.  Depending  on  the  parameter  values,  auto-oscillations, 
and  chaos  develop  at  higher  drivings,  similar  to  the  perpen¬ 
dicular  pumping  case. 
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Several  samples  of  enhanced-remanence  nanocrystalline  Sm15Fe19Co66  were  prepared  by 
mechanical  alloying  of  the  elementary  powders  followed  by  heat  treatments.  Sample  A  had  a 
remanence  ratio  rj=  arl as  =  0.68  and  Hc~l.\  kOe,  while,  for  B,  ?7=0.58  and  Hc—  10.4  kOe,  and, 
for  C,  ?7=0.57  and  Hc-  12.6  kOe.  The  isothermal  remanent  magnetization  Mr(H ),  obtained  for 
different  initial  demagnetized  states  (ac,  dc+,  dc“),  and  the  demagnetization  remanence  Md(-H ), 
obtained  for  an  initially  saturated  state,  were  determined.  The  ac-demagnetization  Henkel  plot 
showed  both  magnetizing  and  demagnetizing  interactions  as  observed  in  other  nanocrystalline 
magnets.  A  comparison  with  the  moving  Preisach  model  indicates  the  importance  of  both  mean-field 
and  random  interactions.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)34408-8] 


I.  INTRODUCTION 

Nanocrystalline  materials  consisting  of  a  hard  magnetic 
rare  earth-based  intermetallic,  exchange  coupled  to  a  soft 
magnetic  phase  have  been  the  subject  of  much  recent  inter¬ 
est.  This  is  due  to  the  possibility  of  these  materials  present¬ 
ing  enhanced  remanence  and  large  energy  products  in  mag¬ 
nets  containing  large  volume  fractions  of  a  soft  magnetic 
phase.  Several  examples  of  this  phenomenon  are  known  for 
which  the  hard  magnetic  phase  is  Nd2Fe14B.1,2  On  the  other 
hand,  Ding  et  al?  reported  large  energy  products  in  a  mate¬ 
rial  consisting  of  Sm2Fe17Nx  +  a-Fe,  produced  by  mechanical 
alloying.  Recently  Ding  et  al4  and  Smith  et  al5  investigated 
remanence  enhancement  in  alloys  of  the  SmFeCo  system 
where  high-moment  a-(Fe,Co)  is  encountered. 

Modeling  of  these  exchange-coupled  systems  by  Kneller 
and  Hawig6  and  by  Schrefl  et  al1  has  emphasized  the 
ultrafine-grained  micro  structure  necessary  to  achieve  these 
* ‘ exchange- spring ’ ’  magnets.  However,  it  is  also  interesting 
to  study  magnetic  interactions  via  remanence  measurements 
using  Henkel  plots  and  the  Preisach  model.8,9  In  this  case,  an 
elegant  mathematical  apparatus  can  be  brought  to  bear  on  the 
problem.  The  latter  approach  is  adopted  here  to  study  mag¬ 
netic  interactions  in  three  SmFeCo  alloys  presenting  differ¬ 
ent  degrees  of  remanence  enhancement.  Since  the  isothermal 
remanence  Mr(H)  depends  strongly  upon  the  initial  demag¬ 
netized  state,  it  was  obtained  for  different  initial  demagne¬ 
tized  states  (ac,  dc+,  dc“).  These  results  were  compared  to 
the  demagnetization  remanence  Md(~H ),  obtained  for  an 
initially  saturated  state,  to  determine  Henkel  plots.  The  Hen¬ 
kel  plot  obtained  for  the  ac  demagnetization  showed  both 
magnetizing  and  demagnetizing  interactions  as  observed  in 
other  nanocrystalline  magnets.2,10  The  results  were  compared 
with  the  moving  Preisach  model, 

II.  EXPERIMENT 

The  starting  materials  for  the  samples  were  high-purity 
elementary  powders:  Fe  (99.99%,  particle  size  <40  jam),  Co 


(99.99%,  particle  size  <40  /xm),  Sm  (99.99%,  particle  size 
<100  yarn).  The  initial  composition  of  the  alloys  considered 
here  was  Sm16Fe10Co74.  Mechanical  alloying  was  carried  out 
for  30  h  with  hardened  steel  balls  in  a  hardened  steel  vial 
using  a  Fritsch  Pulverisette-7  mill.  The  mass  of  the  balls  was 
approximately  25  times  the  mass  of  the  precursor  powders. 
All  powder  handling  and  milling  were  carried  out  under  a 
high-purity  (99.99%)  Ar  atmosphere.  After  milling,  the 
sample  compositions  were  determined  by  energy  dispersive 
x-ray  analysis  in  a  Cambridge  Stereoscan  240  SEM.  We  ob¬ 
tained  Sm15Fe19Co66,  reflecting  increased  Fe  due  to  milling. 
As-milled  powders  were  cold  pressed  into  3-mm-diam  cyl¬ 
inders,  wrapped  in  Ta  foil,  and  heated  under  a  10  5  mbar 
vacuum  for  15  min  at  (A)  640  °C,  (B)  730  °C,  or  (C)  750  °C. 
For  this  temperature  range,  Ding  et  al.4  reported  the  obser¬ 
vation  of  disordered  Sm(Co,Fe)7  with  the  TbCu7  structure. 
Our  x-ray  diffraction,  DSC,  and  Mossbauer  measurements 
will  be  reported  at  a  later  time.  Finally,  after  annealing,  the 
oxygen  and  nitrogen  levels  of  the  samples  were  measured 
with  a  Leco  analyzer.  Oxygen  levels  around  5500  ppm  and 
nitrogen  levels  of  200  ppm  were  encountered.  These  levels 
are  comparable  to  those  found  in  SmCo5  magnets  produced 
in  our  laboratory. 

Sample  demagnetizations  as  well  as  magnetization  mea¬ 
surements  were  made  at  room  temperature  using  a  vibrating 
sample  magnetometer  (VSM)  mounted  in  a  90  kOe  super¬ 
conducting  solenoid.  Internal  magnetic  fields  were  calculated 
using  the  demagnetization  factors  appropriate  for  the  cylin¬ 
drical  geometry  of  the  sample.  The  dc_  demagnetized  state 
was  obtained  by  saturating  the  sample  to  50  kOe  in  the  posi¬ 
tive  direction,  after  which  H  was  decreased  to  a  negative 
remanent  coercive  field.  Upon  increasing  H  to  zero,  the  spe¬ 
cific  magnetization  cr  was  less  than  1%  of  ar.  For  the  dc+ 
demagnetization,  the  sample  was  first  saturated  to  50  kOe  in 
the  negative  direction,  after  which  H  was  increased  to  a  posi¬ 
tive  remanent  coercive  field.  Upon  decreasing  H  to  zero, 
cr<0.01(jr .  Finally,  the  ac  demagnetization  was  carried  out 
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FIG.  1.  Specific  magnetization  a  vs  internal  magnetic  field  for  samples 
A,  B,  and  C. 


FIG.  2.  Normalized  demagnetization  remanence  md  vs  normalized  isother¬ 
mal  remanent  magnetization  mr  for  dc+  and  dc“  demagnetizations. 


by  first  saturating  the  sample  to  50  kOe,  followed  by  satura¬ 
tion  at  -50  kOe,  then  to  49  kOe,  followed  by  -49  kOe,  etc., 
until  cr<0.01crr . 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1  we  show  hysteresis  curves  for  samples  A,  B, 
and  C.  The  curves  did  not  saturate  at  the  highest  fields  used 
(90  kOe),  but  followed  a  general  trend  of  higher  coercivity 
values  being  associated  with  lower  values  of  07 .  The  satu¬ 
ration  value  07  was  calculated  by  extrapolating  the  experi¬ 
mental  curves  to  infinite  fields  using  the  expression  cr~  07 
(1  -alH).  The  coercive  field  Hc  was  determined  from  the 
maximum  value  of  the  irreversible  susceptibility.  We  ob¬ 
tained  07  =  114  emu/g,  ar-ll  emu/g,  and  Hc-1.\  kOe  for 
sample  A,  giving  a  remanence  ratio  77=07/07  =  0.68.  For 
sample  B  we  obtained  07=  112  emu/g,  07=6 5  emu/g,  and 
HC=10A  kOe,  giving  a  remanence  ratio  77=07/07  =  0.58. 
For  sample  C  we  obtained  07=109  emu/g,  07=  62  emu/g, 
and  Hc— 12.6  kOe,  giving  a  remanence  ratio 
77=07/07  =  0.57 .  Thus,  for  all  three  samples  we  found  07 
values  which  are  essentially  the  same,  considering  our  ex¬ 
perimental  uncertainty  of  2%.  Our  07  values  are  also  in  ex¬ 
cellent  agreement  with  those  of  Smith  et  al5 

For  all  three  samples  we  observed  remanence  enhance¬ 
ment  above  the  value  77=0.5  expected  for  an  isotropic  mag¬ 
net.  As  noted  in  Ref.  5,  the  remanence  enhancement  is  lower 
in  samples  treated  at  higher  temperatures  and  this  may  be 
due  to  the  increased  grain  size  of  the  exchange-coupled 
phases.  Furthermore,  as  reported  in  Ref.  6  for  an  “exchange 
spring”  magnet,  second  quadrant  recoil  curves  show  elevated 
susceptibility.  Consistent  with  the  77  values  obtained,  it  was 
found  that  the  reversible  susceptibility  was  largest  for  sample 
A  and  smallest  for  C.  Finally,  the  energy  products  were  cal¬ 
culated  for  these  three  materials  using  the  measured  densi¬ 
ties.  Using  a  density  of  6.1  g/cm3,  we  obtained 
(£//)max=6.4,  5.6,  and  5.2  MG  Oe  for  samples  A,  B,  and  C, 
respectively.  If  these  materials  had  had  their  full  densities 
(8.5  g/cm3),  (BH)max~  10—12  MGOe  would  have  been  ob¬ 
tained. 


Henkel  plots  were  obtained  for  the  three  samples  by 
plotting  the  normalized  demagnetization  remanence 
md(-H)  =  Md(-H)/Mr( 90  kOe)  as  a  function  of  the 
normalized  isothermal  remanent  magnetization 
mr(H)  =  Mr(H)IMr( 90  kOe).  We  show  the  Henkel  plots  in 
Fig.  2  for  the  dc+  and  dc”  demagnetizations.  Also  shown  is 
the  line  md=  1  -2 mr  corresponding  to  noninteracting,  single¬ 
domain  particles11  or  domain  walls  in  continuous  media 
moving  through  a  fixed  distribution  of  pinning  sites.  For  the 
dc+  demagnetized  state,  the  Henkel  plots  for  samples  A,  B, 
and  C  are  all  closely  coincident  with  the  curves  mr=  0  (when 
md> 0)  and  md—-mr  (when  md< 0).  This  result  is  pre¬ 
dicted  theoretically  when  there  is  no  dispersion  in  local 
coercivities.9  The  dc+  demagnetization  thus  effectively  nar¬ 
rows  the  switching  field  distributions  and  allows  their  repre¬ 
sentation  by  some  narrow  function. 

On  the  other  hand,  the  differences  in  the  switching  field 
distributions  have  been  emphasized  by  the  dc-  demagnetiza¬ 
tion.  In  Fig.  2,  we  see  that,  for  the  dc-  demagnetization,  the 
experimental  points  fall  above  the  Wohlfarth  line 
md~\-2mr.  In  this  case,  the  interactions  are  said  to  be 
magnetizing.  In  Fig.  2,  the  points  corresponding  to  sample  A 
are  closest  to  this  line,  while  those  of  sample  C  are  farthest. 
Thus,  the  magnetizing  interactions  appear  to  be  strongest  for 
sample  C,  which  possesses  the  highest  coercive  field 
Hc=  12.6  kOe  and  the  lowest  remanence  ratio  77=0.57.  In 
fact,  the  Henkel  plot  measures  a  combination  of  effects,  and 
not  simply  the  interaction  with  neighboring  grains.9  Thus  it 
may  be  more  helpful  to  consider  the  results  for  ac  demagne¬ 
tization. 

In  Fig.  3,  we  present  md  vs  mr  for  samples  A  and  C  after 
these  had  been  subjected  to  an  ac  demagnetization.  The  ex¬ 
perimental  data  for  both  A  and  C  are  close  to  the  Wohlfarth 
line  md-l-2mr ,  being  above  it  (magnetizing)  for  low 
fields  and  below  it  (demagnetizing)  for  high  fields.  This  same 
kind  of  behavior  was  observed  previously  for  nanocrystalline 
Nd9Fe85B6  (tf-Fe+Nd2Fe14B)  by  Liu  et  al 2  In  that  case,  the 
dependence  of  the  magnetic  properties  on  applied  field  was 
determined  for  three  nanocrystalline  NdFeB  alloys  of  very 
different  Nd/Fe  ratios.  The  deviation  from  the  Wohlfarth  line 
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FIG.  3.  md  vs  mr  for  ac  demagnetization  of  samples  A  and  C.  Dashed  and 
solid  curves  were  obtained  from  the  moving  Preisach  model. 


was  largest  (magnetizing)  for  the  high  Nd  alloy  where  the 
grains  were  decoupled  by  the  paramagnetic  Nd-rich  phase. 
On  the  other  hand,  the  deviation  was  small  and  oscillatory,  as 
we  have  observed  here,  for  the  low  Nd  alloy  where  there  is 
believed  to  be  substantial  exchange  coupling.  An  oscillatory 
Henkel  plot  was  observed  for  thermally  demagnetized 
nanocrystalline  Nd4Fe7gB18  by  Altoe  et  a/. 10  This  behavior 
was  contrasted  to  that  of  MQII  which  showed  strong  magne¬ 
tizing  interactions.  Thus,  an  oscillatory  Henkel  plot  has  been 
observed  for  high  remanence  materials  belonging  to  the  three 
major  systems. 

Several  authors8,9  have  recently  attempted  to  interpret 
Henkel  plots  using  variations  of  the  Preisach  model.  It  has 
been  shown  using  the  moving  Preisach  model  (MPM)8  that 
Henkel  plots  exhibiting  both  magnetizing-like  and 
demagnetizing-like  deviations  from  the  line  md=  1  -2 mr  are 
an  indication  of  the  presence  of  random  interactions  and 
magnetizing-like  mean-field  effects.  We  have  tried  to  com¬ 
pare  the  data  of  Fig.  3  to  the  MPM  using  a  probability  dis¬ 
tribution  p(hc,hu)  such  as  that  of  Eq.  (14)  of  Ref.  8: 


P(hc  = 


1 


47rhraIJo-( 


exp 


(log  hc)2 

1 

2  dt  \ 

expl  2  yj 

(1) 


The  coercive  fields  have  a  log  normal  distribution  of  width 
ac  and  interaction  fields  follow  a  Gaussian  distribution  of 
width  cru  .  The  MPM  differs  from  the  Preisach  model  in  that 
the  field  h  =  HlHc  acting  on  any  elementary  loop  is 


h  =  ha  +  ki(h),  (2) 

where  ha  is  the  external  field,  Jci(h)  is  the  mean-field  contri¬ 
bution,  assumed  proportional  to  the  magnetization  i(h),  and 
k  is  the  moving  parameter.  The  curves  of  Fig.  3  represent  the 
predictions  of  the  MPM  with  crc  =  1 ,  <ju  ~  1 ,  and  with  the 
mean-field  parameter  k  assuming  the  values  1.35  and  1.40. 
There  is  general  agreement  with  the  shape  of  the  experimen¬ 
tal  curve,  the  calculated  curves  presenting  both  magnetizing 
and  demagnetizing  regions.  We  have  not  yet  optimized  the 
values  of  cr c ,  au ,  and  k.  However,  both  the  mean-field  in¬ 
teractions  and  random  interactions  seem  to  be  important  in 
the  case  of  these  nanocrystalline  materials,  as  suggested  pre¬ 
viously. 

IV.  CONCLUSIONS 

Three  samples  of  nanocrystalline  SmFeCo  with  different 
degrees  of  remanence  enhancement  have  been  produced. 
Henkel  plots  for  an  ac  demagnetization  show  both  magnetiz¬ 
ing  and  demagnetizing  regions,  as  was  observed  previously 
in  Nd9Fe85B6(a-Fe+Nd2Fe14B)2  and  Nd4Fe78B18.10  The  data 
were  compared  to  the  moving  Preisach  model.  Preliminary 
calculations  indicate  the  necessity  to  consider  both  mean- 
field  and  random  interactions.  It  is  not  yet  clear  whether  this 
model  can  account  for  the  different  degrees  of  remanence 
enhancement  observed  in  our  samples. 
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Neutron  diffraction  studies  of  NdnFem_x_yVxAly  [( n,m)  =  (1,1 2),  (2,17), 
(3,29)] 
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Several  Nd„Fem_JC_>,VxAly  [(n,m)  =  (l,12),  (2,17),  (3,29)]  samples  were  prepared  and  analyzed 
using  neutron  powder  diffraction.  Rietveld  analysis  of  the  neutron  diffraction  data  indicates  that  the 
V  and  A1  substituents  take  those  sites  with  similar  environments  in  all  three  phases,  as  observed  in 
our  previous  study  of  Ti-substituted  compounds.  It  was  confirmed  that  the  diffraction  data  of  the 
3:29  compound  can  be  better  refined  using  the  A2lm  space  group  than  using  the  P2x!c  space  group. 

The  SQUID  measurements  show  that  all  samples  have  Curie  temperatures  well  above  room 
temperature.  The  neutron  diffraction  results  show  that  the  easy  direction  is  along  the  a  axis  for  the 
3:29  compounds,  along  the  c  axis  for  the  1:12  compounds  and  in  the  a-b  plane  for  2:17  compounds, 
respectively.  The  average  site  magnetic  moments,  the  metal-metal  bond  lengths  and  the  unit  cell 
parameters  of  these  compounds  are  compared  with  those  of  the  Ti-substituted  compounds.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)34508-4] 


I.  INTRODUCTION 

Because  the  number  of  known  rare-earth-iron  phases 
with  high  iron/rare-earth  ratios  is  very  limited,  improving  the 
magnetic  properties  of  the  known  phases,  especially  the 
2:17,  1:12  and  the  newly  discovered  3:29  phases,  to  make 
them  practically  useful  is  a  focus  for  research.  Addition  of 
some  other  elements  into  these  phases,  such  as  the  interstitial 
atoms  (C  or  N)1-5  or  substitutional  atoms  (Al,Ga,Si),6-14  re¬ 
sults  in  a  dramatic  enhancement  in  magnetic  properties. 

The  unit  cell  of  the  rare-earth-iron  compounds  can  ex¬ 
pand  upon  the  addition  of  substitutional  atoms  (Ga,Al)6-8  or 
contract  upon  the  addition  of  Si.9-14  In  both  cases  the  mag¬ 
netic  properties  can  be  enhanced  significantly.  It  is  believed 
that  in  the  expansion  case,  like  the  Al-substituted  2:17  com¬ 
pounds,  the  lattice  expansion  is  sufficient  to  decrease  the 
antiferromagnetic  exchange  and  to  enhance  the  ferromag¬ 
netic  exchange.7  In  the  contraction  case,  the  enhancement  of 
magnetic  properties  with  Si  substitution  may  be  related  to  the 
expansion  of  the  bond  lengths  around  the  6c  and  18/  sites.14 
However,  it  appears  that  the  increase  in  the  iron-iron  bond 
lengths  is  not  the  only  mechanism  to  improve  the  magnetic 
properties  of  these  compounds.15 

Our  previous  studies  showed  that  A1  and  Si  have  similar 
site  affinities  at  low  A1  or  Si  content  and  it  was  found  that  a 
combined  substitution  of  Fe  by  Si  and  A1  (both  are  nontran¬ 
sition  metal  atoms),  at  the  appropriate  levels,  could  lead  to 
greater  enhancement  of  the  magnetic  properties  than  the  sin¬ 
gly  substituted  compounds.16  It  is  obviously  interesting  to 
study  doubly  substituted  compounds  using  two  substituents 
of  different  site  affinities.  Our  previous  studies  showed  that 
while  A1  prefers  the  18 h  site  at  low  A1  contents  in  2:17 
compounds,6,7  V  atoms  strongly  prefer  the  6c  sites.17  Here 
we  report  studies  of  Al+V  (a  nontransition  atom  plus  a  tran¬ 
sition  atom  of  different  site  affinity)  substitution  compounds, 
Nd^Fe^.^Al,  [(n,m)  =  (l,12),  (2,17),  (3,29)]. 


II.  EXPERIMENT 

Samples  used  in  this  research  were  synthesized  by  rf 
induction  melting  of  the  constituent  elements  (purity  99.9% 
or  better)  in  a  water-cooled  copper  boat  under  a  flowing  ar¬ 
gon  atmosphere  at  the  Graduate  Center  for  Materials  Re¬ 
search  of  the  University  of  Missouri-Rolla.  The  ingots  were 
annealed  under  vacuum  at  temperatures  of  980  °C  for  one 
week.  The  annealed  ingots  were  then  crushed  and  ground  in 
an  acetone  bath  for  neutron  diffraction  and  other  studies. 
Neutron  diffraction  data  were  collected  using  the  position 
sensitive  detector  (PSD)  diffractometer  at  the  University  of 
Missouri  Research  Reactor.  Data  collection  times  for  each 
sample  where  typically  24  h  on  about  2  g  of  the  powdered 
samples  in  a  3-mm-diam  vanadium  can  at  a  wavelength  of 
1.4783  A. 

Neutron  diffraction  data  were  analyzed  using  the  pro¬ 
gram  FULLPROF,  a  program  for  Rietveld  analysis  of  neutron 
(nuclear  and  magnetic  scattering)  or  x-ray  powder  diffraction 
data  collected  at  constant  steps  in  the  scattering  angle  20  on 
a  conventional  instrument.  The  Curie  temperatures  Tc  were 
measured  using  a  Quantum  Design  MPMS  system. 

III.  RESULTS  AND  DISCUSSION 

It  was  suggested18  recently  that  the  structure  of  the  3:29 
phase  can  be  described  more  accurately  by  using  the  space 
group  A  2/m,  a  minimal  nonisomorphic  supergroup  of  type  II 
of  P2x/c  space  group  which  was  initially  used  for  solving 
the  structure  of  this  phase.19-21  Thus,  the  neutron  diffraction 
data  of  the  3:29  compounds  were  refined  in  both  space 
groups  (P2x/c  and  A2/m).  It  was  found  that  the  fitting  fac¬ 
tors  were  only  slightly  better  when  the  space  group  P2xlc 
was  used,  in  which  as  many  as  91  parameters  were  refined, 
compared  to  57  parameters  refined  for  the  space  group  A  21m. 
The  R -factor  ratio22  test  leads  to  the  conclusion  that  the 
model  based  on  the  space  group  A  2/m  is  more  reliable, 
which  confirms  the  conclusion  of  Kalogirou  et  a/.18 

Samples  with  V  and  A1  content  ratio  changing  in  a  lim¬ 
ited  range  were  prepared  but  only  one  of  each  type  with  the 
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TABLE  I.  Refinement  results  for  NdFe1005V138Al057. 


Space  group:  74/mmm 

Atom  and  site  x 

Unit  cell  volume =35 1.443  A3 
y  z  V  (%) 

A1  (%) 

m 

Nd,  2 a 

0 

0 

0 

1.8(2) 

Fe,  8z 

0.2704(3) 

0.5 

0  34.8 

2.2(2) 

Fe,  8  j 

0.3586(3) 

0 

0 

14.4 

2.4(3) 

Fe,  %k 

0.25 

0.25 

0.25 

2.0(1) 

Lattice  parameters: 

a  =  8.5691(3)  c 

=  4.7861(2) 

Fitting  factors:  Rp 

=  5.80  7?wp=7.06 

*mag= 3.29 

*2=  1.44 

best  phase  purity  are  reported  in  this  paper  and  the  refine¬ 
ment  results  are  given  in  Tables  I,  II,  and  III.  Previous  work 
shows  that  A1  and  V  atoms  introduced  into  Nd2Fe17  com¬ 
pounds  will  expand  the  cell  of  the  compounds  by  1 .44  A3/V 
atom17  and  8.49  A3/A1  atom.7  The  lattice  parameters  of  the 
V+Al  double  substituted  2:17  compound  are  linear  combi¬ 
nations  of  the  corresponding  singly  substituted  compounds 
(Table  II).  For  1:12  and  3:29  compounds,  no  data  for  A1  or  V 
single-substitution  compounds  are  available  and  thus  no 
comparison  can  be  made. 

It  is  not  possible  to  determine  the  site  distributions  of  the 
substituents  in  doubly  substituted  compounds  directly  from 
the  neutron  diffraction  techniques.  We  use  some  assumptions 
based  on  our  previous  work  to  determine  the  locations  of  the 
substituents,  as  was  done  for  Nd2Fe17-JC_:yAlJCSi3,  .i6  It  is 
found  that  the  V  atoms  will  mostly  occupy  the  6  c  sites, 
which  have  the  fewest  rare-earth  neighbors  and  the  most 
transition  metal  neighbors  in  Nd2Fe17_JCV;c  ,17  and  it  is  as¬ 
sumed  that  the  V  atoms  will  occupy  the  same  sites  in  the 
Nd2Fe17_jC_;yVxAl>,  compound.  It  was  also  found  that  the  Ti 
atoms  will  occupy  sites  with  similar  environments  in  all 
1:12,  2:17,  and  3:29  phases.21  In  fact,  because  the  structures 
of  all  three  compounds  are  derived  from  the  same  parent 
structure  of  RT5  with  differing  degrees  of  Fe-Fe  dumbbell 
replacement  for  the  rare-earth  atoms,  it  is  assumed  that  a 
given  substituent  will  occupy  those  sites  with  similar  envi¬ 
ronments  in  all  1:12,  2:17,  and  3:29  compounds.  Thus,  we 
assume  that  the  V  atoms  will  occupy  those  sites  with  the 
fewest  rare-earth  neighbors  and  most  transition  metal  neigh¬ 
bors,  while  A1  atoms  will  prefer  those  sites  with  the  most 
rare-earth  neighbors  and  the  fewest  transition  metal  neigh¬ 
bors  in  all  V+Al  double- substituted  1:12,  2:17,  and  3:29 
compounds.  Thus,  the  V  atoms  occupy  the  three  dumbbell 
sites  in  the  3:29  phase,  the  6c  sites  in  the  2:17  and  the  8/ 
sites  in  the  1:12  phase,  while  the  substituents  found  in  any 
other  sites  are  A1  atoms.  In  fact,  the  neutron  data  show  a 


strong  decrease  of  the  effective  scattering  length  in  those 
sites  with  the  fewest  rare-earth  neighbors,  which  indicates 
substitution  of  V  atoms  at  those  sites  because  V  has  a  very 
small  scattering  length.  By  using  these  assumptions,  the  site 
occupancies  of  V  and  A1  in  Tables  I,  II,  and  III  are  obtained. 

The  refined  site  magnetic  moments  are  also  given  in 
Tables  I,  II,  and  III.  The  easy  direction  is  found  along  the  a 
axis  for  the  3:29  compounds,  along  the  c  axis  for  the  1:12 
compounds  and  in  the  a-b  plane  for  the  2:17  compounds, 
respectively.  The  1:12  compound  has  the  biggest  site  mo¬ 
ments  whereas  the  3:29  compound  has  the  smallest  site  mo¬ 
ments.  The  average  Fe  site  moments  are  2.2,  1.81,  and  1 .5fiB 
for  the  1:12,  2:17,  and  3:29  compounds,  respectively.  Com¬ 
pared  to  the  average  site  moment  of  Nd2Fe16  03Ti0  97, 
1.95 fiB?1  the  average  site  moment  of  Nd2Fe15  66VL06Al0.28 
is  a  little  lower,  very  possibly  due  to  the  higher  substituent 
content  in  the  V+Al  double-substituted  compound.  Simi¬ 
larly,  the  average  site  moment  of  NdFe1005VL38Al057, 
22fjiB ,  is  lower  than  that  of  the  Nd2Fe10  9Tit A  compound, 
2.36 /z5.21  For  the  3:29  compounds,  the  refined  average  site 
moment  of  Nd3Fe26  97V}  83  AIq  2q,  l.ll/x#,  is  u  little  higher 
than  that  of  the  Nd3Fe27  76Tij  24  compound  (1.05  fiB)  in  spite 
of  the  higher  substituent  content  in  Nd3Fe26  97V1 83Al0  2o-  The 
SQUID  measurements  give  Curie  temperatures  of  600,  395, 
and  385  K  for  the  1:12,  2:17,  and  3:29  compounds,  respec¬ 
tively.  Because  the  Curie  temperatures  of  the  corresponding 
A1  or  V  single-substitution  compounds  are  not  available  at 
present,  no  comparison  between  single-  and  double- 
substituted  compounds  can  be  made.  The  high  Tc  and  large 
site  magnetic  moment  of  the  1:12  compound  suggests  that  it 
can  be  of  economic  interest  even  without  nitriding  or  carbid- 
ing.  Since  the  substituents  and  their  content  ratio  can  be  ad¬ 
justed  in  a  wide  range  for  doubly  substituted  compounds,  it 
will  not  be  surprising  if  doubly  substituted  compounds  with 
even  better  properties  are  discovered. 


TABLE  II.  Refinement  results  for  Nd2Fe15  .66^  i.o6A1o.  28- 


Space  group:  R~3m 

Atom  and  site  x 

Unit  cell  volume=813.306  A3 
y  z  V  (%) 

A1  (%) 

m 

Nd,  6c 

0 

0 

0.3439(3) 

2.8(2) 

Fe/V,  6c 

0 

0 

0.0949(4) 

37.7 

1.6(4) 

Fe,  9 d 

0.5 

0 

0.5 

1.4(2) 

Fe/V,  18/ 

0.2902(2) 

0 

0 

5.0 

2.1(2) 

Fe/Al,  18A 

0.1691(1) 

-0.1691(1) 

0.4907(2) 

4.6 

1.8(2) 

Lattice  parameters:  a  =  8.6428(3) 

c=  12.5722(4) 

Fitting  factors:  R 

!p  =  4.16  Rwp=5.20  Rmag=5.18  ^=1.54 
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TABLE  III.  Refinement  results  for  Nd3Fe26.97V1.g3Alo.20- 


Space  group:  A2/m 
Atom  and  site 

X 

Unit  cell  volume=886.210  A1 2 3 4 5 6 
y  z  V  (%) 

A1  (%) 

m 

Ndl,  2 a 

0 

0 

0 

1.5(2) 

Nd2,  4  i 

0.5982(16) 

0 

0.1864(17) 

1.5(2) 

Fel,  2c 

0.5 

0 

0.5 

1.5(2) 

Fe2,  4e 

0 

0.25 

0.25 

1.5(2) 

(Fe/V)3,  4e 

0 

0.3578(20) 

0  16.4 

1.5(2) 

Fe4,  4  i 

0.1138(15) 

0 

0.7103(16) 

1.5(2) 

(Fe/Al)5,  4 i 

0.3055(18) 

0 

0.0891(20) 

3.6 

1.5(2) 

(Fe/V)6,  4  i 

0.2312(24) 

0 

0.5019(23)  37.4 

1.5(2) 

(Fe/V)7,  4  i 

0.1327(23) 

0 

0.2901(22)  37.6 

1.5(2) 

Fe8,  8 j 

0.6232(9) 

0.1440(13) 

0.6804(12) 

1.5(2) 

Fe9,  8 j 

0.8102(10) 

0.2188(8) 

0.1003(11) 

1.5(2) 

(Fe/Al)10,  8 j 

0.4059(9) 

0.2486(14) 

0.0688(8) 

3.2 

1.5(2) 

Fell,  8 j 

0.1998(9) 

0.2545(16) 

0.1577(12) 

1.5(2) 

Lattice  parameters: 

a  =  10.6576(14) 

6  =  8.5937(7)  c 

=  9.7508(15)  6  =  96.978(11) 

Fitting  factors:  Rp 

=  5.77  Rwp=7.01 

«mag=7.06  **= 

=3.35 

IV.  CONCLUSIONS 

It  was  confirmed  that  the  diffraction  data  of  the  3:29 
compound  can  be  better  refined  using  the  A  2/m  space  group 
than  using  the  P2xfc  space  group.  All  samples  have  Curie 
temperatures  well  above  room  temperature.  The  easy  direc¬ 
tion  is  along  the  a  axis  for  the  3:29  compounds,  along  the  c 
axis  for  the  1:12  compounds  and  in  the  a-b  plane  for  the 
2:17  compounds.  The  average  site  magnetic  moments  are 
similar  to  those  of  the  Ti-substituted  compounds. 
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Six  samples  of  Ce2Fe17_xGa;c  with  nominal  Ga  content  x  equal  to  0,  0.3,  0.5,  0.7,  1.0,  2.0  have  been 
studied  by  powder  neutron  diffraction  at  room  temperature.  Both  crystalline  and  magnetic 
refinements  have  been  carried  out.  All  six  samples  adopt  the  Th2Zn17-type  rhombohedral  structure. 
The  only  additional  phase  found  is  a-iron.  Gallium  atoms  are  found  to  have  high  affinity  for  the  iron 
18 h  site,  and  are  absent  from  the  9 d  and  18/  sites.  The  Ga  substitution  for  Fe  leads  to  an  expansion 
of  both  the  a  and  c  axes.  The  Curie  temperature  increases  from  238  K  for  Ce2Fe17  to  406  K  for 
Ce2Fe15Ga2.  Magnetic  refinements  on  the  samples  with  x  —  0.3,  0.5,  0.7,  1.0,  and  2.0  reveal  that  the 
magnetic  moments  of  the  four  Fe  sites  are  in  the  basal  plane  and  that  their  values  increase  with 
increasing  Ga  content.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)34608-0] 


I.  INTRODUCTION 

The  studies  of  high-performance  hard  magnetic  materi¬ 
als  consisting  of  rare-earth  (R)-3d  transition  metals  have 
been  reinvigorated  after  the  discovery  of  the  ternary 
Nd2Fe14B  compound1,2  and  the  carbided,  hydrided,  and  ni- 
trided  compounds  based  on  the  R2Fe17  and  RFe12  phases.3,4 
It  is  believed  that  the  lengthened  Fe-Fe  bonds,  with  en¬ 
hanced  ferromagnetic  exchange,  play  an  important  role  in  the 
increase  of  Curie  temperature  ( Tc ).  It  has  been  found  that 
some  iron  site  substitutional  atoms,  such  as  Al,  Si,  Ti,  and 
Ga,  can  also  enhance  the  Curie  temperature  significantly.8 
Thus,  it  is  of  interest  to  look  into  the  influence  of  the  substi¬ 
tutional  atom(s)  on  the  crystallographic  structure  and  the  in¬ 
trinsic  magnetic  properties  of  these  compounds.  Recent 
studies7,9,10  of  TT^Fe^^Ga* ,  Nd2Fe17„xGaJC ,  and 
Tb2Fe17_^AlJC  reveal  that  an  increase  in  unit  cell  volume  and 
Curie  temperature  can  be  achieved  through  the  substitution 
of  gallium  or  aluminum  for  iron.  For  the  Tb  series,  the  Curie 
temperature  reaches  a  maximum  between  x  —  3  and  4  and  the 
easy  magnetization  direction  changes  from  planar  to  axial 
with  increasing  Ga  concentration.  In  this  article,  we  report  a 
neutron  diffraction  structural  study  of  Ce2Fe17_xGaJC  with 
gallium  nominal  composition  x  up  to  2.0.  Since  Ce  is  ex¬ 
pected  to  be  nonmagnetic,  the  effect  of  R-Fe  exchange  may 
be  ignored. 

II.  EXPERIMENT 

Ce2Fe17_;cGaJC  samples  with  nominal  gallium  contents  of 
x=0,  0.3,  0.5,  0.7,  1.0,  and  2.0  were  prepared  by  radio¬ 
frequency  induction  melting  of  the  constituent  elements  of 
purity  99.9-99.95%.  The  samples  were  wrapped  in  tantalum 
foil  and  annealed  in  argon  atmosphere  at  950  °C  for  one 
week.  They  were  then  crushed  and  ground  for  later  measure¬ 
ments.  Neutron  diffraction  data  were  collected  at  the  Univer¬ 
sity  of  Missouri  Research  Reactor  using  the  high-resolution 
linear  position-sensitive  detector  diffractometer  at  room  tem¬ 


perature.  The  neutron  wavelength  was  1.4783  A.  Approxi¬ 
mately  1  g  samples  were  contained  in  thin  wall  (0.1  mm) 
vanadium  holders.  The  data  were  accumulated  in  five  set¬ 
tings  of  the  detector  in  24  h  with  26  values  ranging  from  5° 
to  105°  in  0.05°  steps.  The  neutron  diffraction  powder  pat¬ 
terns  were  analyzed  by  the  Rietveld  method11  using  the 
FULLPROF  program12  for  multiphase  refinement,  including 
magnetic  structure  refinement. 

III.  RESULTS  AND  DISCUSSION 

From  the  powder  neutron  diffraction  data  refinement,  all 
six  samples  were  confirmed  to  adopt  the  Th2Zn17-type  rhom¬ 
bohedral  structure  with  the  R-3M  space  group.  The  refine¬ 
ment  results  are  given  in  Table  I.  Both  the  a  and  c  lattice 
parameters  increase  as  the  gallium  content  increases,  ap¬ 
proximately  0.45%  per  substituted  Ga  for  a  and  0.55%  for  c, 
as  is  shown  in  Fig.  1.  The  compositional  dependence  of  the 
unit  cell  volume  is  also  shown  in  Fig.  1.  The  unit  cell  volume 
expands  from  —775  A3  for  Ce2Fe17  to  —799  A3  for 
Ce2Fe15Ga2.  The  corresponding  Curie  temperature  rises  from 
238  K  for  the  parent  binary  phase  to  406  K  for  Ce2Fe15Ga2. 
The  compositional  dependence  of  the  c!a  ratio  is  weak;  only 
a  very  slight  rise  is  observed.  a-Fe  was  observed  in  all 
samples  with  a  maximum  of  almost  12%  in  volume. 

Gallium  is  found  to  have  high  affinity  for  the  iron  18 h 
site,  which  is  filled  by  35%  Ga  for  x=2.  Some  Ga  is  also 
found  in  the  iron  6  c  site  with  less  than  10%  for  the  sample 
with  the  highest  Ga  content.  However,  no  gallium  is  found 
on  either  the  9 d  or  the  18/  site.  The  compositional  depen¬ 
dence  of  the  gallium  site  occupancy  is  shown  in  Fig.  2.  The 
6  c  gallium  site  occupancy  appears  to  be  close  to  saturation  at 
—  10%  for  x>  1 .  In  Ce2Fe17,  the  iron  6c  site  has  the  largest 
Wigner-Seitz  cell  volume7  followed  by  the  18 h  site,  while 
the  9  d  site  is  the  smallest.  Gallium’s  high  affinity  for  the  18A 
site  is  because  this  site  has  the  most  near-neighbor  rare-earth 
atoms  in  the  coordination  shell.  The  effect  of  Ga  having  high 
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TABLE  I.  Refinement  results  for  the  Ce2Fe17„;cGaA.  solid  solutions  at  room  temperature.  *Data  for  Ce2Fe17  are  from  Ref.  13. 


PARAMETER 

* 

II 

o 

* 

jc  =  0.3 

*=0.5 

*  =  0.7 

*=1.0 

*  =  2.0 

x  (refined) 

0 

0.31 

0.52 

0.87 

1.44 

2.39 

a  (A) 

8.4921(2) 

8.5091(2) 

8.5136(2) 

8.5284(3) 

8.5396(3) 

8.5742(2) 

c  (A) 

12.4060(3) 

12.4354(4) 

12.4394(4) 

12.4641(6) 

12.4887(6) 

12.5425(3) 

c/a 

1.4608 

1.4614 

1.4612 

1.4615 

1.4626 

1.4628 

v  (A3) 

774.89 

779.749 

780.843 

785.102 

788.72 

798.549 

Tc  (K) 

238 

342 

406 

Ce,  6c, z 

0.3441(5) 

0.3427(9) 

0.3429(8) 

0.3418(6) 

0.3422(10) 

0.3412(6) 

Fe/Ga,  6 c,z 

0.0970(2) 

0.0965(4) 

0.0965(3) 

0.0956(3) 

0.0954(4) 

0.0950(3) 

Fe,  18/,x 

0.2905(1) 

0.2906(3) 

0.2909(2) 

0.2907(2) 

0.2915(3) 

0.2909(2) 

Fe/Ga,  18  h,x 

0.1678(1) 

0.1682(2) 

0.1684(2) 

0.1681(2) 

0.1689(2) 

0.1686(2) 

Fe/Ga,  18  h%z 

0.4883(1) 

0.4881(2) 

0.4877(2) 

0.4883(2) 

0.4883(2) 

0.4885(2) 

%Ga,  6  c 

0 

1.8 

4.2 

7.2 

8.1 

9.6(5) 

%Ga,  m 

0 

4.6 

7.4 

12.8 

20.1 

35.2(3) 

fi,  Fe,  6c 

0.2 

0.5 

0.8 

2.2(5) 

2.9(4) 

/a,  Fe,  9  d 

0.2 

0.5 

0.8 

1.1(3) 

1.6(2) 

fi,  Fe,  18/ 

0.2 

0.5 

0.8 

1.1(3) 

1.6(2) 

fi,  Fe,  18 h 

0.2 

0.5 

0.8 

1.8(3) 

1.9(3) 

X2 

2.91 

2.97 

3.62 

2.06 

4.18 

4.27 

R  factor 

5.05 

7.03 

6.79 

5.79 

7.33 

6.50 

Rw  factor 

7.11 

9.49 

9.39 

7.71 

9.69 

8.74 

Rm  factor 

6.13 

6.81 

4.79 

6.06 

7.71 

ALFA-Fe,  %  V 

5.6 

5.1 

3.62 

0.66 

11.9 

5.14 

affinity  for  rare-earth  atoms  surpasses  that  of  the  site  volume, 
as  is  also  the  case5,13,14  for  Si-  and  Al-doped  samples. 

The  bond  lengths  and  the  site  average  bond  lengths  are 
listed  in  Table  II.  Almost  all  bond  lengths  increase  with  in¬ 
creasing  Ga  concentration,  as  do  the  average  bond  lengths 
for  all  four  Fe  sites.  However,  two  exceptions  were  observed 
for  18/-18/*  and  6c-6c  bond  lengths.  The  6c-6c  dumb¬ 
bell,  which  is  often  thought  to  be  responsible  for  the  low 
Curie  temperature  of  the  R2Fe17  compounds,  decreases 
slightly  with  Ga  content  despite  the  increase  in  the  c  axis. 
From  this,  one  would  predict  a  decrease  in  Curie  tempera¬ 
ture,  which  is  in  contrast  with  the  observations.  This  phe- 


0.0  0.5  1.0  1.5  2.0  2.5 

Gallium  Content,  x 


nomenon  has  also  been  observed  in  some  other 
investigations.13-15  This  suggests  that  it  is  unlikely  that  the 
changes  in  Tc  arise  from  the  changes  of  the  6c  -6c  bond,  but 
rather,  the  increase  is  more  likely  related  to  the  average  bond 
lengths. 

Magnetic  refinement  has  been  carried  out  on  samples 
with  jt  =  0.3,  0.5,  0.7,  1.0,  and  2.0.  Ce2Fe17  is  not  magneti¬ 
cally  ordered  at  room  temperature  and  in  all  cases  cerium  is 
treated  as  nonmagnetic.  The  refinement  results  indicate  that 
the  magnetic  moments  of  all  four  Fe  sites  lie  in  the  basal 
plane  and  the  average  values  of  these  moments  tend  to  in¬ 
crease  with  increasing  gallium  content.  The  magnetic  mo¬ 
ments  at  low  gallium  contents  have  been  constrained  to  be 
equal  rather  than  being  refined  independently  because  their 
moments  are  too  small  to  give  reliable  individual  values.  The 
refinement  results  for  x  =  1  and  2  samples  show  that  the  mo¬ 
ments  of  the  6c  and  18 h  sites  are  larger  than  those  of  the  9 d 
and  18/  sites,  especially  that  of  the  6c  site.  The  overall  in- 


FIG.  1.  Compositional  dependence  of  the  lattice  parameters  a,  c,  and  the  FIG.  2.  Compositional  dependence  of  the  gallium  site  occupancy  of 
unit  cell  volume  of  Ce^e^-^Ga*  solid  solution.  Ce2Fe17_*Ga  solid  solution. 
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TABLE  II.  Bond  lengths  and  site  averaged  average  bond  lengths  for  the  Ce2Fe17_.cGaA;  solid  solutions. 


Bond 

*  =  0 

x=0.3 

x=0.5 

* 

il 

o 

x=  1.0 

*  =  2.0 

Fe(6c)-Fe(6c) 

2.4068(35) 

2.3975(70) 

2.4008(53) 

2.3853(53) 

2.3803(71) 

2.3806(53) 

Fe(6c)-Fe(9d) 

2.5994(8) 

2.6072(17) 

2.6081(13) 

2.6181(13) 

2.6213(17) 

2.6337(13) 

Fe(6c)-Fe(18/) 

2.7448(12) 

2.7495(23) 

2.7537(18) 

2.7525(18) 

2.7584(24) 

2.7645(18) 

Fe(6c)-Fe(18ft) 

2.5338(12) 

2.6424(27) 

2.6415(22) 

2.6502(19) 

2.6441(28) 

2.6600(24) 

Fe(9d)-Fe(18/) 

2.4282(4) 

2.4340(9) 

2.4353(9) 

2.4415(9) 

2.4447(13) 

2.4546(9) 

Fe(9J)-Fe(18ft) 

2.4475(9) 

2.4506(18) 

2.4506(18) 

2.4565(9) 

2.4532(18) 

2.4651(18) 

Fe(18/)-Fe(18 /) 

2.4670(6) 

2.4745(12) 

2.4783(12) 

2.4807(22) 

2.4884(18) 

2.4951(12) 

Fe(18/)-Fe(18ft) 

2.3036(11) 

2.5619(23) 

2.5651(23) 

2.5642(22) 

2.5665(34) 

2.5752(23) 

Fe(18/)-Fe(18ft) 

2.8394(13) 

2.6189(25) 

2.6165(25) 

2.6321(23) 

2.6306(35) 

2.6457(25) 

Fe(  1 8ft  )-Fe(  18ft) 

AVER  BL 

2.4852(13) 

2.4960(21) 

2.5009(21) 

2.5032(11) 

2.5152(22) 

2.5204(26) 

Fe,  6c 

2.6377 

2.6648 

2.6671 

2.6696 

2.6713 

2.6806 

Fe,  9 d 

2.4702 

2.4653 

2.4761 

2.4828 

2.4834 

2.4946 

Fe,  18/ 

2.5566 

2.5678 

2.5698 

2.5742 

2.5777 

2.5871 

Fe,  18ft 

2.5211 

2.5441 

2.5453 

2.5513 

2.5527 

2.5636 

crease  in  site  moments  is  the  result  of  the  increase  in  Curie 
temperature  and  the  larger  degree  of  magnetic  order  at  room 
temperature. 

IV.  CONCLUSIONS 

Both  the  a  and  c  lattice  parameters  show  a  similar  de¬ 
pendence  on  Ga  content  in  the  Ce2Fe17_^Ga^  solid  solutions. 
The  gallium  atoms  have  a  high  affinity  for  the  iron  18/z  site. 
The  easy  magnetization  direction  is  in  the  basal  plane. 
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Magnetic  properties  of  DyCo10_xNixSi2  compounds 
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Van  der  Waals-Zeeman  Institute ,  University  of  Amsterdam,  Valckenierstraat  65,  1018  XE  Amsterdam, 

The  Netherlands 

The  temperature  dependence  of  the  magnetization  of  DyCo10„A.NixSi2  compounds  with  *  =  0,  2,  4, 
and  6  was  measured  in  fields  up  to  5.0  T  and  in  the  temperature  range  from  4.2  to  300  K  in  a  SQUID 
magnetometer.  Compensation  temperatures  were  observed  for  the  compounds  with  x  =  4  and  6.  The 
values  of  the  R-T  exchange  interaction  obtained  by  fitting  the  M-T  curves  on  the  basis  of 
two-sublattice  molecular-field  theory  are  compared  with  the  values  obtained  from  high-field 
magnetization  measurements  on  powder  particles  free  to  be  oriented  by  the  applied  field.  In  all  four 
compounds  magnetic  transitions  are  found  in  the  ac-susceptibility  measurements  which  were  carried 
out  between  4.2  K  and  room  temperature.  The  types  of  magnetic  anisotropy  were  investigated  by 
magnetization  measurements  on  samples  that  were  magnetically  aligned  at  room  temperature. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)34708-7] 


I.  INTRODUCTION 

RT10Si2  compounds  (R=rare  earth,  T=Fe,  Co,  Ni)  form 
in  the  tetragonal  ThMn12-type  structure.  Like  in  many  other 
Fe-rich  rare-earth  intermetallic  compounds,  the  Curie  tem¬ 
perature  can  be  strongly  increased  by  partially  substituting 
Co  for  Fe.  This  substitution  can  also  be  accompanied  by 
changes  of  the  magnetic  anisotropy  and  magnetization  of  the 
T  sublattices.  In  RT10Si2  systems,  the  Fe  sublattice,  accord¬ 
ing  to  the  results  on  YFe10Si2,  has  an  easy-axis  magnetic 
anisotropy,1,2  and  the  Co  sublattice,  according  to  results  on 
YCo10Si2,  has  an  easy-plane  magnetic  anisotropy.3,4  The  Cu¬ 
rie  temperature  of  YCo10Si2  is  about  300  K  higher  than  that 
of  YFe10Si2  4  To  study  the  influence  of  the  Co  sublattice  on 
the  magnetic  properties  of  1:12  compounds,  we  have  inves¬ 
tigated  the  magnetic  properties  of  the  series  DyCo^^Ni^S^ 
compounds  with  x  =  0,  2,  4,  and  6. 

II.  EXPERIMENTS 

DyCojo-jNi^S^  compounds  with  *  =  0,  2,  4,  and  6  were 
prepared  in  the  same  way  as  the  DyCo10_JCNixSi2  compounds 
reported  on  in  Ref.  5.  The  temperature  dependence  of  the 
magnetization  of  samples  consisting  of  powder  particles  free 
to  be  oriented  by  the  applied  field  was  measured  from  4.2  K 
to  room  temperature  in  external  fields  of  2  T. 

In  order  to  gather  information  on  the  type  of  magnetic 
anisotropy  of  the  compounds  at  room  temperature,  x-ray- 
diffraction  experiments  were  carried  out  both  on  magneti¬ 
cally  aligned  samples  and  on  samples  consisting  of  randomly 
oriented  powder  particles.  Bulk  samples  were  used  in  ac- 
susceptibility  measurements  which  were  done  in  the  tem¬ 
perature  range  from  4.2  to  300  K.  To  study  the  easy- 
magnetization  direction  at  different  temperatures,  the 
magnetization  was  measured  in  a  SQUID  magnetometer  as  a 
function  of  the  angle  between  the  alignment  direction  of  the 
sample  and  the  applied  field  of  1.0  T. 

III.  RESULTS 

The  temperature  dependence  of  the  magnetization  of 
DyCo4Ni6Si2  in  a  field  of  2  T  is  shown  in  Fig.  1.  A 
temperature-independent  ferromagnetic  impurity  contribu¬ 


tion  of  0.53/Zg/f.u.  has  been  subtracted  in  accordance  with 
our  former  results.5  From  the  results  on  DyCo4Ni6Si2.,  where 
we  were  able  to  study  the  magnetization  fully  up  to  the  Curie 
temperature,  we  can  derive  the  molecular-field  coefficients, 
njj,  nDyT,  and  nDyDy  by  fitting  the  curve  to  the  temperature 
dependence  of  the  magnetization  obtained  in  a  two-sublattice 
molecular-field  model.  The  following  relations  were  used: 

BDy(  T)  =  B+  nDyDyMDy(T)  +  nDyTMT(  T) , 

Bt(  7)  =  B  +  mttMt(  T)  +  «DyTMDy(T) . 

The  temperature  dependence  of  each  sublattice  moment  is 
determined  by  the  Brillouin  function  Bj(x ): 

MDy(  T)  =  MDy(())B./Dy[/xDy5Dy(  T)lkBT] , 

M  T(  T)  =  Mt(  0)B,t[/xtBt(  T)/kBT]. 

Because  the  magnetization  of  the  Dy  sublattice  decreases 
faster  with  increasing  temperature  than  does  the  T-sublattice 
magnetization,  there  will  be  a  compensation  temperature  at 
which  the  difference  between  the  two  sublattice  moments, 
and  therefore  also  the  critical  field  for  breaking  the  antipar¬ 
allel  configuration,  both  approach  zero. 


T  [  K  ] 

FIG.  1.  Temperature  dependence  of  the  magnetization  of  DyCo4Ni6Si2  in  2 
T.  The  circles  represent  the  experimental  results  and  the  full  curve  corre¬ 
sponds  to  the  calculated  magnetization. 
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T  [  K  ] 

FIG.  2.  (a)  Calculated  temperature  dependence  of  the  Dy-  and  T-sublattice 
moments  in  DyCo4Ni6Si2.  (b)  Calculated  temperature  dependence  of  the 
angle  between  the  Dy-  and  T-sublattice  moments  in  DyCo4Ni6Si2. 


Therefore,  in  our  calculation  the  temperature  depen¬ 
dence  of  the  angle  between  the  two-sublattice  moments  has 
been  taken  into  account.  This  angle,  which  determines  the 
value  of  the  magnetization,  is  found  by  minimizing  the  free 
energy: 

F(r)  =  nDyT^Dy(^)^T(^)cOS  a 

-  B  T)  +  T)  +  2 MDy( T)Mt( I) cos  a. 

The  fit  to  the  experimental  magnetization  curve  is  shown  in 
Fig.  1  as  a  solid  line.  The  molecular-field  coefficients  used  in 
the  fitting  procedure  are  nDyDy=l.lX1023  Tf.u./J, 
nDyT=4.9Xl023  Tf.u./J,  and  nXT=7.8X1024  Tf.u./J.  The 
value  for  nDyT  has  been  taken  equal  to  the  value  derived 
previously  from  high-field  magnetization  measurements.5 
One  can  see  in  Fig.  1  that  the  magnetization  above  130  K  is 
not  fitted  very  well.  This  may  be  due  to  the  change  of  the 
magnetic  anisotropy  around  this  temperature  which  will  be 
discussed  below  and/or  to  the  crystallographic  disorder  of 
the  T  sublattice  which  may  give  rise  to  an  inhomogeneous 
magnetization.  In  particular,  the  broadening  of  the  magneti¬ 
zation  around  Tc  may  be  attributed  to  this  disorder. 

The  temperature  dependences  of  the  Dy-  and 
T-sublattice  moments  and  of  the  angle  between  MDy  and  MT 
are  shown  in  Fig.  2(b).  Around  the  compensation  tempera¬ 
ture,  the  antiparallel  configuration  between  MDy  and  MT  is 
broken,  albeit  only  slightly  [see  insert  of  Fig.  2(b)].  At  higher 
temperatures,  the  two  sublattice  moments  remain  antiparallel 
until  the  Curie  temperature  is  reached. 


30  40  50  60 

20  [  degree  ] 


FIG.  3.  X-ray  diffraction  patterns  at  room  temperature  on  a  magnetically 
aligned  YCo10Si2  sample  (top)  and  a  randomly  oriented  powder  sample. 

The  magnetic  anisotropy  of  the  Co  sublattice  is  of  the 
easy-plane  type.  This  is  demonstrated  in  Fig.  3  which  shows 
x-ray-diffraction  patterns  taken  on  a  magnetically  aligned 
YCo10Si2  sample  with  the  alignment  direction  perpendicular 
to  the  surface  and  on  a  sample  consisting  of  randomly  ori¬ 
ented  powder.  One  can  see  that  for  the  aligned  sample,  the 
[002]  reflection  has  disappeared  whereas  the  [400]  reflection 
is  strongly  enhanced. 

Figure  4  shows  the  temperature  dependence  of  the  ac 
susceptibility  measured  on  bulk  samples  between  4.2  and 
300  K.  All  four  compounds  have  clear  magnetic  transitions. 
The  transition  at  about  270  K  in  DyCo4Ni6Si2  is  related  to 
the  Curie  temperature  which  is  consistent  with  the  M-T  mea¬ 
surements.  The  second  transition  in  this  compound  is  visible 
as  a  clear  kink  but  is  rather  broad  in  the  other  compounds. 
The  small  anomaly  in  DyCo4Ni6Si2  at  low  temperatures  is 
probably  due  to  a  second  phase. 

To  interpret  the  ac- susceptibility  results,  the  magnetiza¬ 
tion  of  aligned  samples  was  measured  as  a  function  of  angle 
between  the  alignment  direction  and  the  direction  of  the  ex- 


FIG.  4.  Temperature  dependence  of  the  ac  susceptibility  of  DyCoI0_^NixSi2 
compounds. 
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Angle  [  degree  ] 

FIG.  5.  Dependence  of  the  magnetization  of  DyCoI0Si2  on  the  angle  be¬ 
tween  the  alignment  direction  and  the  direction  of  the  external  field. 


teraal  field.  The  sample  was  mounted  in  such  a  way  that  the 
external  field  is  along  the  direction  in  which  the  sample  was 
aligned  at  room  temperature.  Therefore,  at  a  certain  tempera¬ 
ture,  the  magnetization  measured  along  the  external  field  will 
get  its  maximum  value  when  the  easy-magnetization  direc¬ 
tion  is  in  the  field  direction.  The  magnetization  measured 
along  the  external  field  will  get  its  minimum  value  when  the 
hard-magnetization  direction  is  in  the  field  direction. 

Figure  5  shows  the  experimental  results  for  DyCo10Si2 
measured  at  220,  200,  190,  180,  and  170  K.  The  curves  have 
been  normalized  to  the  zero-angle  magnetization  values.  The 
easy-magnetization  direction  of  DyCo10Si2  can  be  seen  to 
change  at  190  K  from  easy  plane  above  this  temperature 
(established  in  the  x-ray  experiment)  to  easy  axis  below  this 
temperature.  At  low  temperatures,  the  magnetic  anisotropy  of 
the  compound  is  dominated  by  the  Dy-sublattice  anisotropy. 
At  high  temperatures,  the  3d-sublattice  anisotropy  (easy- 
plane  type)  becomes  most  important.  Between  about  150  and 


250  K  the  two  sublattice  anisotropies  are  comparable.  The 
competition  between  the  two  sublattices  can  clearly  be  seen 
in  Fig.  5.  At  190  K,  the  magnetization  is  nearly  independent 
of  the  direction  of  the  external  field,  indicating  that  the  an¬ 
isotropy  has  become  very  weak. 

IV.  DISCUSSION  AND  CONCLUSIONS 

It  is  shown  that  Ni  substitution  for  Co  in  DyCo10Si2 
strongly  influences  the  magnetic  anisotropy.  The  ac  suscep¬ 
tibility  results  show  that  the  spin-reorientation  temperature 
decreases  with  increasing  Ni  content  (see  Fig.  4).  This  may 
either  be  due  to  an  increase  of  the  T-sublattice  anisotropy 
upon  Ni  substitution  or  to  a  decrease  of  the  Dy-sublattice 
anisotropy  upon  Ni  substitution  or  to  both  effects.  This  point 
will  be  the  subject  of  further  studies. 

The  molecular-field  analysis  of  the  magnetization  shows 
that  the  Dy-Dy  exchange  interaction  is  almost  zero  in 
DyCo4Ni6Si2  and  that  nDyT  is  about  one  order  of  magnitude 
smaller  than  rijj . 

The  analysis  of  the  temperature  dependence  of  the  mag¬ 
netization  presented  in  this  article  shows  that,  in  systems 
with  a  compensation  temperature,  when  the  external  field  is 
not  very  low,  the  angle  between  the  two  sublattice  moments 
has  to  be  taken  into  account. 
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High-field  magnetization  measurements  have  been  performed  on  both  free-powder  samples  and 
magnetically  aligned  samples  of  R(Fe,Mn)nTi  (R= Y,  Nd,  Sm,  Gd,  Er)  compounds  at  4.2  K  in  a  step 
field  up  to  28  T.  The  temperature  dependence  of  ac  susceptibilities  of  R(Fe,Mn)uTi  has  been 
measured  in  a  temperature  range  from  4.2  to  800  K.  It  has  been  found  that  both  the  magnetic 
moment  of  the  transition-metal  sublattice  and  the  Curie  temperature  of  RFejj^Ma/Ti  compounds 
decrease  with  increasing  x.  Spin  reorientations  occur  in  ErFen^Mn^Ti  compounds  as  the  result  of 
competition  between  the  uniaxial  anisotropy  of  the  transition-metal  sublattice  and  the  planar  or 
conical  anisotropy  of  the  Er  sublattice.  The  intersublattice  exchange  constants  nRX  of 
ErFej^Mn^Ti  compounds  have  been  deduced  by  the  high-field  free-powder  method.  The  effect  of 
the  substitution  of  Fe  by  Mn  on  the  magnetic  anisotropies  of  R(Fe,Mn)nTi  with  R=Y,  Nd,  Sm  has 
been  investigated.  First-order  magnetization  processes  take  place  in  SmFen^Mn^Ti  compounds 
when  the  external  field  is  applied  perpendicular  to  the  alignment  direction.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)34808-3] 


I.  INTRODUCTION 

In  the  early  1980s,  many  efforts  have  been  made  to  pro¬ 
duce  iron-rich  compounds  with  the  ThMn12  structure  by  sub¬ 
stituting  Mn  by  Fe  in  RMn12  compounds.1  However,  since 
the  solid  solubility  of  Fe  in  YMn12_xFex  limits  to  x  =  8,  this 
substitution  cannot  lead  to  an  Fe-rich  compound.  Recently, 
the  Fe-rich  R(Fe,M)12  compounds  with  the  ThMn12  structure 
have  been  obtained  by  adding  a  small  amount  of  a  third 
element,  such  as  Ti,  V,  Cr,  Mo,  W,  and  Al.2  So  it  is  possible 
to  study  the  effect  of  Mn  substitution  on  the  magnetic  prop¬ 
erties  of  Fe-rich  rare-earth  transition-metal  compounds  with 
the  ThMn12-type  structure,  in  which  the  Mn  is  added  as  a 
fourth  element  to  substitute  part  of  the  iron.  In  the  present 
work,  we  have  chosen  RFenTi  as  the  starting  compound,  and 
prepared  the  RFen^Mn/Ti  compounds  with  x  =  0,  1,  2,  3, 
4.  The  magnetic  properties  of  these  compounds  have  been 
investigated  by  high-field  magnetization  measurements  up  to 
21  T  at  4.2  K  and  ac-susceptibility  measurements  from  4.2  to 
800  K. 

II.  SAMPLE  PREPARATION 

Polycrystalline  RFen^Mn^Ti  ingots  with  R=Y,  Nd, 
Sm,  Gd,  and  Er  and  x  =  0,  1,  2,  3,  4  have  been  prepared  by 
induction-melting  appropriate  amounts  of  pure  materials  of  a 
purity  of  at  least  of  99.99  wt  %.  The  ingots  were  remelted 
two  times  to  achieve  homogeneity.  Weight  losses  during  the 
melting  due  to  evaporation  of  the  rare-earth  element  and  Mn 
were  compensated  for  by  starting  with  an  excess  of  3  wt  %  R 
(with  respect  to  the  R  content)  and  5  wt  %  Mn  (with  respect 
to  the  Mn  content).  The  as-cast  ingots  were  wrapped  in  Ta 
foil  and  sealed  in  a  pre-evacuated  and  then  argon-gas-filled 


quartz  tube,  followed  by  annealing  at  1273  K  for  three  weeks 
and  then  water-quenched  to  avoid  possible  metallographic 
phase  transitions  during  the  cooling  process. 

The  crystal  structures  of  the  samples  were  checked  by 
x-ray  diffraction.  It  was  found  most  of  the  samples  have  the 
ThMn12-type  tetragonal  structure  and  a  small  amount  of  a-Fe 
exists  as  a  second  phase. 

III.  RESULTS  AND  DISCUSSION 

The  high-field  measurements  at  4.2  K  were  performed 
on  free-powder  samples  of  RFen-^Mn^Ti  compounds  to 
study  saturation  magnetization  and  exchange  interaction.  For 
the  high-field  free-powder  (HFFP)  measurements,3,4  fine- 
powder  (<40  /mn)  samples  were  loosely  loaded  into  the 
sample  holders.  These  particles  can  be  considered  as  monoc¬ 
rystalline  and  are  free  to  rotate  in  the  external  field  so  that  the 
total  magnetic  moment  of  the  samples  is  always  parallel  to 
the  external  field  direction.  The  values  for  the  saturation 
magnetization  obtained  in  this  way  are  tabulated  in  Table  I. 
One  can  see  that,  for  RFen-^Mn/fi  (R=Y,  Nd,  Sm)  com¬ 
pounds,  the  saturation  magnetization  in  these  compounds  de¬ 
creases  upon  Mn  substitution.  In  the  YFe11_JCMnJCTi  com¬ 
pounds,  since  Y  is  nonmagnetic,  the  magnetic  moment  of  the 
transition-metal  sublattice  is  equal  to  the  saturation  magneti¬ 
zation.  In  NdFe^^Mn^Ti  and  SmFej^Mn^Ti,  if  we  as¬ 
sume  that  the  4/  electrons  of  rare-earth  element  are  well 
localized,  the  moment  of  the  transition-metal  sublattice  ( MT ) 
can  be  obtained  by  subtracting  the  free-ion  moment  of  the 
rare-earth  element  (MR)  from  the  saturation  magnetization 
(Ms).  The  obtained  MT  values  are  listed  in  Table  II.  In 
GdFen.^Mn^Ti  and  ErFen^Mn^Ti  compounds,  Ms  first 
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TABLE  I.  Saturation  magnetization  of  RFe],^;cMnxTi  compounds. 


Ms  (/xBlf.u.) 

Y 

Nd 

Sm 

Gd 

Er 

x=0 

20.0 

21.7 

19.6 

12.2 

10.8 

X=1 

15.4 

17.2 

16.4 

9.3 

6.6 

x—2 

12.5 

15.1 

10.2 

4.0 

2.4 

il 

7.4 

13.7 

7.5 

2.6 

1.8 

x  —  4 

4.2 

6.9 

4.7 

2.7 

4.6 

decreases  upon  the  Mn  substitution  from  x  =  0  to  x  =  3,  and 
then  increases.  This  behavior  is  due  to  the  antiparallel  con¬ 
figuration  of  the  moments  of  the  transition-metal  sublattice 
and  the  heavy-rare-earth  sublattice.  In  ErFenTi  and 
GdFenTi,  the  magnetic  moment  of  the  Fe  sublattice  is  much 
larger  than  that  of  the  rare-earth  sublattice  so  that  the  total 
magnetic  moment  equals  to  MT—MR.  When  Fe  is  substi¬ 
tuted  by  Mn,  the  moment  of  the  transition-metal  sublattice 
decreases  and  causes  a  decrease  of  the  saturation  magnetiza¬ 
tion.  If  the  moment  of  the  transition-metal  sublattice  be¬ 
comes  smaller  than  that  of  the  rare  earth  upon  the  Mn  sub¬ 
stitution,  the  total  magnetic  moment,  which  is  now 
Mr-Mt,  will  increase  (the  case  of  jc  =  4)  with  decreasing 
Mt.  The  values  of  the  moments  of  the  transition-metal  sub¬ 
lattice  are  obtained  by  MT=MR±MS  accordingly  (see  Table 
II). 

For  all  investigated  RFen-^Mn/Ti  compounds,  MT  de¬ 
creases  monotonically  with  increasing  x.  If  the  mean  Fe  mo¬ 
ment  were  not  affected  by  substitution  and  the  Mn  ion  were 
nonmagnetic,  MT  would  decrease  linearly  by 
Mr(x)  =  Mr(0)(ll~x)/ll,  where  MT{x)  and  MT( 0)  are 
the  saturation  magnetizations  of  RFeu^Mn^  and  RFenTi, 
respectively.  The  experimental  results  obviously  deviate 
from  this  line,  which  is  similar  to  the  case  of  R(Co,Mn)nTi 
compounds.5  One  possible  interpretation  for  the  relatively 
fast  decrease  of  MT  could  be  that  the  magnetic  moment  of 
iron  is  affected  by  the  surrounding  of  Mn  atoms  which  might 
be  coupled  antiferromagnetically  with  the  Fe  moment.1  An¬ 
other  possible  reason  for  this  is  that  the  Mn  atom  which  is 
larger  than  Fe  prefers  to  substitute  the  Fe  atom  on  the  8  i  site 
where  Fe  has  the  largest  moment  in  RFenTi.1 


FIG.  1.  Magnetic  isotherms  at  4.2  K  of  ErFej^Mn/Ti  compounds  mea¬ 
sured  on  powder  particles  that  are  free  to  rotate  in  the  sample  holder. 


TABLE  II.  Magnetic  moments 
RFen^Mn/Ti  compounds. 

:  of  the 

transition-metal 

sublattice  in 

M j  (/AB/f.U.) 

Y 

Nd 

Sm 

Gd 

Er 

jc  =  0 

20.0 

18.4 

18.9 

19.2 

19.8 

X=1 

15.4 

13.9 

15.7 

16.3 

15.6 

x  =  2 

12.5 

11.8 

9.4 

11.0 

11.4 

x  =  3 

7.4 

10.4 

6.8 

9.6 

7.2 

x=4 

4.2 

3.6 

4.0 

4.3 

4.4 

HFFP  measurements  are  usually  used  to  get  information 
about  the  intersublattice  interaction  in  heavy-rare-earth 
transition-metal  compounds.3,4  If  the  external  field  is  so  high 
that  the  collinear  configuration  of  the  magnetic  moments  of 
the  rare-earth  and  transition-metal  sublattices  is  broken,  the 
coupling  constant  nRX  can  be  obtained  from  the  slope  of  the 
bending  process  if  the  anisotropy  of  at  least  one  of  the  sub¬ 
lattices  is  negligible.  In  external  fields  up  to  28  T,  the  bend¬ 
ing  process  can  be  observed  in  ErFe11„JCMn;cTi  compounds 
with  x=  1,  2,  and  3  (see  Fig.  1).  Hurley6  has  measured  the 
free-powder  magnetization  process  of  ErFenTi  and  its  first 
critical  field  is  35  T.  In  the  present  work,  the  first  critical 
fields  have  been  determined  to  be  23,  10.5,  and  0  T  for  x  =  1, 
2,  and  3,  respectively.  The  coupling  constants  deduced  from 
the  slope  in  the  bending  section  are  4.5,  4.0,  and  4.5 
T  for  x=  1 ,  2,  and  3,  respectively.  It  seems  that  Mn 

substitution  has  no  significant  influence  onnRT.  However,  no 
bending  process  is  found  in  GdFen-^Mn^Ti  compounds. 
This  may  be  due  to  the  relatively  large  nRX  in  Gd  com¬ 
pounds. 

To  investigate  the  effects  of  Mn  substitution  on  the  an¬ 
isotropy  of  R(Fe,Mn)nTi  (R=Sm,  Nd,  Y)  compounds.  The 
high-field  magnetization  was  measured  on  aligned  samples 
with  the  magnetic  field  parallel  and  perpendicular  to  the 
alignment  direction.  In  YFen^Mn^Ti  compounds,  the  an¬ 
isotropy  field  Ba  decreases  upon  Mn  substitution.  The  values 
obtained  for  Ba  are  4,  3.5,  and  2.5  T  for  x  =  0,  1,  2,  respec¬ 
tively.  The  Curie  temperature  for  compounds  with  x>2  is 


FIG.  2.  Magnetic  isotherms  at  4.2  K  of  SmFen„rMn^Ti  compounds  mea¬ 
sured  on  magnetically  aligned  powders.  Open  marks  correspond  to  the  field 
parallel  to  the  alignment  direction  and  filled  marks  to  the  field  perpendicular 
to  the  alignment  direction.  The  dots  correspond  to  the  measurements  in  a 
continuously  varying  field.  The  solid  lines  are  guides  to  the  eye. 
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TABLE  III.  Curie  temperatures  of  RFen-^Mn/Ti  compounds. 


Tc  (K) 

Y 

Nd 

Sm 

Er 

Gd 

x=0 

530 

550 

595 

515 

605 

X=1 

455 

465 

510 

425 

530 

x=2 

370 

405 

460 

305 

430 

x—  3 

200 

285 

115 

210 

330 

*=4 

105 

215 

85 

90 

lower  than  room  temperature,  so  we  cannot  prepare  well- 
aligned  samples  of  these  compounds  at  room  temperature. 
For  NdFeuTi,  the  magnetization  along  the  alignment  direc¬ 
tion  is  smaller  than  that  perpendicular  to  the  alignment  di¬ 
rection.  A  possible  interpretation  for  this  may  be  that  the 
weak  easy-axis  anisotropy  of  NdFenTi  at  room  temperature7 
changes  to  an  easy-cone  anisotropy  with  a  cone  angle  larger 
than  45°  at  4.2  K.  With  increasing  x,  the  magnetization  par¬ 
allel  to  the  orientation  direction  becomes  relatively  large  in¬ 
dicating  that  Mn  substitution  decreases  the  cone  angle  at  low 
temperature  or  causes  an  easy-cone  anisotropy  at  room  tem¬ 
perature.  Of  more  interest  are  the  SmFe^-^Mn/ri  com¬ 
pounds  in  which  first-order  magnetization  process  (FOMP)- 
like  anomalies  appear  in  the  magnetization  curves  measured 
along  the  direction  perpendicular  to  the  orientation  direction 
(Fig.  2).  These  anomalies  are  similar  to  the  one  found  by  Hu 
etal 7  in  SmFenTi.  The  critical  field,  corresponding  to  the 
maximum  of  the  first  derivative  of  the  magnetization  curve, 
decreases  upon  Mn  substitution.  The  critical  fields  in 
SmFenTi  and  SmFe10MnTi  are  10.2  and  8.9  T,  respectively. 
In  SmFe9Mn2Ti,  the  anomaly  becomes  hard  to  distinguish 
because  of  the  poor  alignment  of  the  powder  at  room  tem¬ 
perature,  and  the  critical  field  decreases  to  about  8  T.  These 
anomalies  may  be  due  to  field-induced  first-order  transitions 
or  quasi-FOMPs.8 

The  ac  susceptibilities  of  RFeu-^Mn/Ti  compounds 
were  measured  in  the  temperature  range  from  4.2  to  800  K. 
The  obtained  Tc  values  are  listed  in  Table  III.  Tc  decreases 
monotonically  with  increasing  x.  This  is  similar  to  the  con¬ 
centration  dependence  of  Mr .  Spin  reorientations  from  easy 
axis  at  high  temperature  to  easy  cone  or  easy  plane  at  low 
temperature  were  found  in  ErFen„xMnA.Ti  compounds.  At 
^SR  and  above,  the  uniaxial  iron  anisotropy  usually  deter¬ 
mines  the  magnetization  direction  but  at  lower  temperatures 
the  rare-earth  anisotropy  may  be  dominant.  The  rSR  corre¬ 


sponds  to  the  minimum  of  dx'/dT.  The  TSR  for  compounds 
with  x  =  0,  1,  2,  3  are  48,  50.5,  99.4,  and  171.4  K,  respec¬ 
tively.  The  decrease  of  ^SR  with  increasing  x  may  imply  that 
the  uniaxial  anisotropy  of  the  transition-metal  sublattice  de¬ 
creases  upon  Mn  substitution. 

In  conclusion,  both  the  magnetic  moments  of  the 
transition-metal  sublattice  and  the  Curie  temperatures  of  the 
RFen.^Mn^Ti  (x  =  0,  1,  2,  3,  4)  compounds  decrease  with 
increasing  x.  The  introduction  of  Mn  atoms,  which  are  non¬ 
magnetic  or  possess  a  magnetic  moment  antiparallel  to  the 
Fe  moments,  gives  rise  to  a  decrease  of  the  mean  Fe  mo¬ 
ment.  In  RFejj^Mn^Ti,  the  transition-metal  sublattice  pos¬ 
sesses  uniaxial  anisotropy  which  decreases  upon  Mn  substi¬ 
tution.  In  RFejj^Mn^Ti  (R=Nd,  Er),  there  exists 
competition  between  the  uniaxial  anisotropy  of  the 
transition-metal  sublattice  and  the  planar  or  conical  anisot¬ 
ropy  of  the  rare-earth  sublattice,  which  gives  rise  to  spin 
reorientations  in  the  ErFen-JMn/Ti  compounds.  FOMP-like 
anomalies  found  in  SmFe11_;cMnxTi  compounds  indicate  that 
the  high-order  anisotropies  play  an  important  role  in  the 
magnetization  processes  of  these  compounds. 
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Temperature  and  field-induced  spin  reorientations  in  NdFe10_xCoxMo2 
single  crystals 
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Single  crystals  of  the  NdFe10_^CoxMo2  alloy  system  (*  =  0,1,3,5,7,10)  have  been  prepared  by  the 
Czochralski  technique  and  studied  by  x-ray  and  magnetometry  techniques.  All  of  the  compounds  in 
this  series  crystallize  in  the  tetragonal  ThMn12-type  structure.  The  single-crystal  data  support  the 
previous  findings  on  polycrystalline  samples,  namely,  that  (1)  with  increasing  Co  content,  the  easy 
direction  of  magnetization  at  300  K  appears  to  deviate  from  the  c  axis  for  *^3,  and  becomes  axial 
for  *^5;  (2)  temperature-induced  spin  reorientations  are  observed  for  *<3;  and  (3)  for  x^5,  no 
temperature-induced  but  field-induced  spin  reorientations  are  observed.  Single-crystal  data  also 
clarify  the  anomalies  observed  in  the  temperature-dependent  magnetization  data  on  polycrystalline 
samples.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)34908-X] 


I.  INTRODUCTION 

Rare-earth-3d  transition  metal  compounds  are  a  fertile 
area  for  searching  for  new  materials  for  permanent  magnet 
applications.  In  recent  years,  the  attention  has  been  focused 
on  iron-rich  ternary  compounds  of  the  form  RFe12_^Mr 
(R=rare-earth  element,  M=Ti,  V,  Cr,  Si,  Mo;  x  =  1  or  2). 1-7 
These  compounds  crystallize  in  the  ThMn12-type  structure. 
The  binary  RFe12  alloys  are  unstable  and  1-2  M  atoms  are 
needed  to  stabilize  this  structure.  The  Fe  and  M  atoms  oc¬ 
cupy  the  three  nonequivalent  transition  metal  sites  in  this 
structure.  In  these  compounds,  those  rare  earths  with  a  posi¬ 
tive  second-order  Stevens  factor  (a£>0)  (e.g.,  Sm,  Er,  Tm, 
Yb)  prefer  magnetization  along  the  c  axis,  and  so  does  the 
Fe.  On  the  other  hand,  rare  earths  with  a<0  (e.g.,  Nd,  Tb, 
Dy,  Ho)  prefer  magnetization  in  the  basal  plane.  Nitrogen 
can  be  introduced  at  the  interstitial  sites  in  an  amount  up  to 
one  atom  per  formula  unit  and  causes  a  lattice  expansion. 
Adding  N  atoms  to  the  structure  enhances  the  magnetic  or¬ 
dering  temperature  and  changes  the  easy  direction  of  magne¬ 
tization  (EDM). 

The  effect  of  Co  substitution  on  structure  and  mag¬ 
netic  anisotropy  has  been  studied  on  a  number  of  systems 
with  the  ThMn12-type  structure,  e.g.,  RFe^^Co^Ti,8-10 
RFe10_xCo^V2, 11-13  and  RFe10_JCCoxMo2. 14-18  From  these 
studies,  it  has  been  established  that  the  Curie  temperature 
and  magnetic  moment  initially  increase  and  the  EDM  goes 
through  a  complex  cycle  of  changes,  as  Fe  is  gradually  sub¬ 
stituted  by  Co  in  these  compounds.  In  the  RFe10„JCCoxMo2 
series,  temperature  and  field-induced  spin  reorientations  are 
observed.14-18  In  this  series,  the  compounds  containing  R 
elements  with  a< 0  have  their  EDM  (at  room  temperature) 
initially  slightly  deviating  from  the  axial  direction  (c  axis). 
The  EDM  turns  to  the  basal  direction  at  the  intermediate  Co 
concentrations,  and  finally  returns  back  to  the  axial  direction 
at  higher  Co  concentrations.  On  the  other  hand,  for  com¬ 
pounds  containing  R  elements  with  a>  0,  the  EDM  (at  room 
temperature)  is  along  the  c  axis  at  the  Fe-rich  end  and  it 
starts  becoming  nonaxial  as  Fe  is  substituted  by  Co  and  is 
along  the  basal  direction  for  Co-rich  alloys.  Previous  studies 
on  polycrystalline  samples  across  the  NdFe10_JCCoJCMo2 
series16,19  suggested  the  possibilities  of  preferential  substitu¬ 


tion  of  Co  at  three  nonequivalent  sites  available  for  the  oc¬ 
cupation  of  3d  metal  elements  in  this  lattice  structure  and 
canting  of  the  spins.  To  gain  further  insight  into  this  system, 
single-crystal  samples  have  been  prepared  across  the 
NdFe10_xCo;cMo2  series. 

II.  EXPERIMENT 

NdFe10_*CoxMo2  alloys  (x  =  0,  1,  3,  5,  7,  10)  were  pre¬ 
pared  by  melting  together  metals  of  high  purity  (99.9%  or 
higher)  in  a  water-cooled  triarc  furnace  in  a  flowing  argon 
gas  atmosphere.  The  alloys  were  melted  several  times  to  en¬ 
sure  homogeneity.  The  crystals  were  then  pulled  from  the 
arc-melted  alloys  by  the  Czochralski  method.  The  crystals 
are  typically  2-3  mm  in  diameter  and  10-15  mm  in  length. 
The  crystals  were  cut  approximately  perpendicular  to  the 
growth  direction  and  then  the  cut  surface  was  smoothed  for 
x-ray  diffraction  studies.  A  Siemens  diffractometer  (D500) 
and  Cu  Ka  radiation  were  used  for  x-ray  examination.  Only 
one  line  was  observed  for  each  sample.  For  x  =  0,  1,  7,  the 
(101)  line  was  observed,  and  for  x=3,  5,  10,  the  (002)  line 
was  observed.  The  magnetic  anisotropy  measurements  on  the 
samples  which  showed  (002)  reflections  on  x-ray  examina¬ 
tion  showed  results  identical  to  those  obtained  on  the  aligned 
powder  samples,  which  in  turn  confirmed  the  crystallo¬ 
graphic  ordering  of  the  crystals  and  anticipated  growth  along 
the  c  axis.  However,  these  observations  do  not  fully  confirm 
the  single-crystal  nature  of  our  samples,  and  the  possibility 
of  growth  of  multiple  seeds  with  axial  orientation  along  the 
growth  direction  is  not  ruled  out. 

A  Quantum  Design  SQUID  magnetometer  with  external 
fields  up  to  55  kOe  was  used  for  the  measurements  of  the 
saturation  magnetization  (Ms).  For  measurements  in  fields 
up  to  70  kOe,  a  Quantum  Design  SQUID  magnetometer  at 
the  National  High  Magnetic  Field  Laboratory  was  used.  The 
samples  used  for  magnetic  measurement  were  2-3  mm  in 
diameter  and  5-8  mm  in  length. 

III.  RESULTS  AND  DISCUSSION 

The  spin  reorientations,  described  as  a  change  of  the 
EDM  from  one  crystallographic  direction  to  another  with 
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FIG.  1.  Magnetization  as  a  function  of  applied  field  for  the  crystals  across 
the  NdFe10_^CoAMo2  series  at  5.0  K. 


varying  temperature,  were  detected  in  the  ac  susceptibility 
and  dc  magnetization  measurements  for  x  =  0,  and  1  in  the 
NdFe10_xCo;cMo2  series.  The  observed  spin  reorientation 
temperatures  of  180  K  (for  x  =  0)  and  190  K  (for  x  =  1 )  are  in 
agreement  with  the  published  data.16,20  These  spin  reorienta¬ 
tions  appear  to  be  planar  to  cone  type  transitions  with  in¬ 
creasing  temperature. 

The  results  of  the  magnetization  versus  magnetic  field 
measurements  across  the  NdFe10_xCoxMo2  series  at  T—  5  K 
in  fields  up  to  70  kOe  are  displayed  in  Fig.  1.  The  samples 
with  small  Co  content  have  very  little  magnetic  anisotropy, 
and  measurements  with  H  parallel  to  the  c  axis  and  with  H 
perpendicular  to  the  c  axis  are  nearly  identical.  On  the  other 
hand,  for  *  =  3,  5,  7,  10,  there  is  a  marked  difference  in 
magnetization  when  H  is  parallel  to  the  c  axis  and  when  H  is 
perpendicular  to  the  c  axis.  For  x  =  5,  7,  and  10,  the  magne¬ 
tization  along  the  hard  direction  (Hlc  axis)  initially  in¬ 
creases  as  a  function  of  field  but  unlike  the  spontaneous  rise 
for  magnetization  along  the  easy  axis,  the  magnetization 
along  the  hard  axis  does  not  shoot  to  its  saturation  value  at 
low  fields.  At  intermediate  field  values,  the  magnetization 
shows  a  plateau  at  a  value  which  is  less  than  half  of  the 
saturation  magnetization  (saturation  along  the  easy  axis).  At 
higher  field  values,  there  is  a  spontaneous  jump  in  magneti¬ 
zation  and  the  magnetization  value  eventually  tends  to  ap¬ 
proach  the  saturation  value.  These  jumps  in  magnetization 
along  the  hard  axis  occur  at  about  30,  60,  and  65  kOe  for 
x=5,  7,  and  10,  respectively,  and  are  associated  with  reori¬ 
entation  of  spins  due  to  the  shift  in  the  EDM  from  one  crys- 


FIG.  2.  Magnetization  as  a  function  of  applied  field  for  the  NdCo10Mo2 
crystal  at  different  temperatures. 


tallographic  direction  to  another  under  the  influence  of  the 
magnetic  field.  Therefore,  they  are  referred  to  as  field- 
induced  spin  reorientations.  They  are  sometimes  also  called 
first-order  magnetization  processes.  There  is  also  some  indi¬ 
cation  of  a  first-order  magnetization  process  for  x  =  3  (see 
Fig.  1).  These  data  on  single-crystal  samples  are  in  excellent 
agreement  with  measurements  on  aligned  polycrystalline 
samples  in  our  laboratory16  and  elsewhere.21 

Figure  2  shows  the  magnetization  versus  field  data  at 
various  temperatures  for  x  =  10.  It  is  apparent  that  the  field  at 
which  the  magnetization  jump  occurs  is  dependent  on  the 
temperature  and  decreases  as  the  temperature  is  increased. 

During  the  studies  on  polycrystalline  NdFe10_xCoxMo2 
samples,  some  observations  were  made  which  could  not  be 
fully  understood  and  prompted  the  need  for  single-crystal 
samples.  One  of  the  observations  which  was  not  understood 
at  that  time  was  the  unusual  temperature  dependence  of  the 
magnetization  at  the  Co-rich  end  of  the  series.  The  saturation 
magnetization  (in  50  kOe)  on  randomly  oriented  chunk 
samples  showed  an  initial  increase  on  cooling,  as  expected. 
However,  when  cooled  below  a  certain  temperature  (—200 
K),  the  magnetization  started  decreasing.  Since  Nd  and  Fe 
(and  or  Co)  spins  are  expected  to  align  parallel  to  each  other, 
a  decrease  in  the  magnetization  at  low  temperature  is  not 
expected.  The  measurements  on  single-crystalline  samples 
shed  some  light  on  this  aspect.  Figure  3  shows  the  tempera¬ 
ture  dependence  of  magnetization  (in  50  kOe)  on  various 
single-crystal  samples  across  the  NdFe10_xCoxMo2  series. 
For  all  samples,  the  magnetization  along  the  easy  axis  in¬ 
creases  monotonically  from  its  room  temperature  value  to  5 
K.  The  noteworthy  features  are  the  strong  decrease  of  mag¬ 
netization  for  the  field  along  the  direction  perpendicular  to 
the  easy  axis  for  x=l  and  x  =  10.  This  decrease  in  magneti¬ 
zation  can  be  understood  in  terms  of  the  magnetic  anisotropy 
and  field-induced  spin  reorientations  in  these  samples.  The 
decrease  in  the  magnetization  along  the  hard  axis  for  x  =  1 
and  10  is  consistent  with  the  corresponding  low  value  of 
magnetization  along  the  hard  axis  in  magnetization  versus 
field  data  at  5  K  in  Fig.  1 .  It  may  be  noted  that  for  x  =  5 ,  the 
magnetization  in  both  directions  is  monotonically  increasing 
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FIG.  3.  Temperature  dependence  of  the  magnetization  in  a  field  of  50  kOe 
for  the  NdFeI0_JCCoxMo2  crystals. 

with  the  decreasing  temperature,  even  though  like  x~l  and 
10,  first-order  magnetization  processes  are  observed  at  this 
composition.  The  difference  lies  in  the  fact  that  magnetiza¬ 
tion  measurements  in  Fig.  3  were  made  in  a  50  kOe  field  that 


is  well  above  the  30  kOe  field  at  which  the  spin  reorienta¬ 
tions  for  x=5  occur  and  is  lower  than  the  field  (60-65  kOe) 
needed  to  induce  the  spin  reorientations  for  x  —  1  and  10. 
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Very  large  discrepancies  exist  with  regard  to  the  spin  reorientation  transition  in  TbFenTi  (see  Ref. 

1  for  a  summary  of  the  different  results).  In  this  work,  this  transition  is  studied  by  measuring  the 
angular  dependence  of  the  parallel  (My)  and  perpendicular  (M±)  components  of  the  magnetization 
to  the  applied  magnetic  field  in  the  temperature  range  of  4.2-330  K  and  applied  magnetic  fields 
ranging  from  2  to  15  kOe.  This  method  allows  an  accurate  determination  of  the  easy  magnetization 
direction  to  be  made,  i.e.,  the  maximum  value  of  My  and  the  zero  value  of  M±  .  The  experimental 
results  have  undoubtedly  established  that  the  compound  is  easy  plane  below  260  K  and  easy  axis 
above  320  K.  Within  this  intermediate  range  of  temperature  the  easy  magnetization  direction  lies 
along  a  nonmajor  symmetry  direction  making  an  angle  9  with  the  c  axis.  This  angle  depends  on  the 
applied  magnetic  field  and  the  magnetic  history  of  the  sample.  This  fact  can  be  understood  on  the 
basis  of  the  existence  of  a  first-order  spin  reorientation  transition  at  TSR^320  K  from  easy  axis  to 
easy  plane.  Within  the  temperature  region  206-320  K  both  phases  (axial  and  planar)  coexist  with 
relative  volumes  depending  on  the  applied  magnetic  field  and  the  magnetic  history.  This  gives  rise 
to  a  macroscopic  conical  structure.  Such  behavior  has  already  been  observed  in  DyFeuTi.2  ©  1996 
American  Institute  of  Physics.  [S002 1  -8979(96)65308-4] 
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LaCo9+<5Si4  and  LaCo85+(5Si45  alloys  with  8=0  to  4  have  been  synthesized  and  characterized.  The 
stoichiometric  alloys  (£=0)  have  low  Tc  and  small  moments,  whereas  the  alloys  with  d=h  0  have 
larger  Tc  and  magnetization.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)35008-4] 


I.  INTRODUCTION 

The  RCo^^Si*  systems  have  recently  been  receiving 
considerable  attention  in  this  and  other  laboratories  as  poten¬ 
tial  high-energy  magnet  materials.1-7  Si  doping  is  being  ex¬ 
tensively  employed  to  generate  uniaxial  symmetry  of  the  al¬ 
loys.  With  extensive  Si  doping,  the  cubic  symmetry  is 
degraded  to  tetragonal,  allowing  the  possibility  of  significant 
anisotropy.  However,  Tc  and  magnetization  shaiply  decrease. 
In  the  present  study,  efforts  are  made  to  prepare  and  charac¬ 
terize  alloys  that  will  crystallize  in  the  tetragonal  form  but 
will  not  lose  the  desirable  Tc  and  Bm.  Ukranian  workers 
Fedna  et  al .8  formed  about  ten  years  ago  a  tetragonal  phase 
Pro.69(Co,Ge)i3.  It  can  be  viewed  as  a  nonstoichiometric 
(Co,Ge)-rich  Pr(Co,Ge)13  phase.  The  work  by  Fedna  et  al 
suggested  that  the  Si  counterpart  of  the  Fedna  alloy  war¬ 
ranted  attention.  Accordingly,  several  nonstoichiometric 
LaCo9+<5Si4  and  LaCo85+<5Si45  alloys  were  prepared  and 
studied  with  8  ranging  from  0  to  4. 

II.  EXPERIMENTAL  DETAILS 

The  alloys  were  prepared  by  induction  melting  under 
high-purity  argon,  after  which  they  were  heat  treated  at  1273 
K  for  about  one  week.  X-ray  diffraction  (XRD)  with  Cu 
radiation  was  used  to  determine  the  crystal  structure,  lattice 
parameters,  and  phase  present.  The  Hot  Stage  XRD  was  per¬ 
formed  at  temperatures  ranging  from  room  temperature  to 
1023  K  under  vacuums  to  determine  the  structure  at  high 
temperature.  The  relative  amount  of  bet  and  fee  phases 
present  were  established  by  quantitative  XRD  measurements. 


TABLE  I.  Phases  present  and  crystal  structures  of  LaCo9+i5Si4  and 
LaCo85+5Si45  (£=0-4). 


Si 

Co 

(« 

Phases  present 

bet 

fee 

a{ A) 

m*  bet a 
(wt  %) 

Main 

Minor 

a  (A) 

c!a 

4.0 

0 

bet 

7.827 

1.478 

1 

bet 

fee 

7.840 

1.474 

-95% 

2 

bet 

fee 

7.845 

1.472 

11.316 

-94% 

3 

bet 

fee,  Co2Si 

7.850 

1.470 

11.327 

-88% 

4 

bet 

fee,  Co2Si 

7.854 

1.470 

11.330 

-83% 

4.5 

0 

bet 

7.834 

1.478 

1 

bet 

fee 

7.840 

1.475 

-95% 

2 

bet 

fee,  Co2Si 

7.843 

1.472 

11.295 

-92% 

3 

bet 

fee,  Co2Si 

7.843 

1.472 

11.320 

-91% 

am*bct:  mass  fraction  of  bet  phase,  calculated  for  the  two-phase  systems 
(bet  and  fee). 


The  Jandel  Scientific  “Peak  Fit”  and  “Desktop  Microseo- 
pist”  computer  programs  were  employed  to  perform  XRD 
deconvolution  and  structure  factors  calculations,  respec¬ 
tively.  The  magnetic  properties  (M  and  Tc)  were  measured 
by  vibrating  sample  magnetometers  (VSM)  at  temperatures 
ranging  from  10toll73K  and  fields  ranging  from  100  Oe  to 
17  kOe.  The  TMA  measurements  were  made  in  such  a 
manner — low  applied  field  (500  Oe)  and  variable  heating 
rate — to  provide  the  most  reliable  information  about  phases 
present  and  the  values  of  Tc . 

III.  RESULTS  AND  DISCUSSION 

A.  Phases  formed  and  structural  information 

The  relative  amounts  of  the  bet  and  fee  phases  present 
were  established  by  quantitative  XRD  measurements;9  the 


FIG.  1.  (A)  XRD  for  LaCo9+(5Si4  alloys  (£=0-4).  (B)  XRD  for 
LaCog5+<5Si45  alloys  (£=0-3). 
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FIG.  2.  XRD  for  LaCo9+<$Si4  alloys.  The  lower  portion  is  for  a  single-phase 
material  (bet).  The  upper  portion  is  for  the  two-phase  system.  As  d  in¬ 
creases,  the  fee  phase  increases. 


mbct-mass  factor  for  the  bet  phase  are  listed  in  Table  I.  Struc¬ 
tural  information  is  summarized  in  Table  I.  The  tabulated 
results  are  derived  from  the  data  in  Figs.  1  and  2.  LaCo9Si4 
and  LaCo8  5Si4  5  may  be  regarded  as  the  base  alloys  to  which 
extra  Co,  8  is  added.  The  base  alloys  form  in  the  bet 
Ce2Ni17Si9  structure.  It  is  interesting  to  attempt  to  ascertain 
where  the  extra  Co’s  go.  There  are  at  least  two  possibilities: 
(1)  They  may  precipitate  out  as  a  pure  Co  phase  or  (2)  they 
may  enter  the  bet  lattice,  substituting  for  La  and  Si  atoms. 
This  issue  will  be  considered  shortly. 

The  similarity  of  the  XRD  patterns  (Fig.  1)  indicates  that 
the  main  phase  for  all  the  alloys  (<5=£  0)  has  the  same  struc¬ 
ture  as  the  stoichiometric  alloys  (£=0).  The  ratio  da  de¬ 
crease  as  d  increases,  a  point  that  will  be  returned  to  later.  A 
minor  phase  was  observed  and  was  found  to  form  in  the  fee 
NaZn13  structure.  A  small  amount  of  Co2Si  was  detected  in 
some  alloys,  as  shown  in  Fig.  1.  TMA  results,  to  be  dis¬ 
cussed  below,  were  consistent  with  the  XRD  findings.  An 
important  result  of  the  TMAs  was  that  there  was  no  evidence 
of  elemental  Co  in  any  of  the  alloys.  This  was  also  indicated 
by  the  XRD  patterns  obtained.  The  lack  of  Co  lines  in  the 
XRD  patterns  is  not  unexpected  since  XRD  is  less  sensitive 
than  TMA. 

The  location  of  the  extra  Co  atoms  is  a  matter  of  con¬ 
siderable  interest.  The  site  occupancies  in  Ce2Ni17Si9  are  as 
follows:  4  Ce  in  4a;  2  Si+2  Ni  in  4 d\  16  Ni  in  16k;  16  Ni  in 


1 6/t;  16  Si  in  16/2.  The  extra  Co  in  the  nonstoichiometric 
alloys  is  assumed  to  reside  in  the  4 a  and  16/2  sites.  (The  4 d 
sites  are  excluded  because  they  are  so  much  fewer  in  number 
than  the  16/2  sites.)  The  composition  of  the  main  phase  of 
the  example  alloy  LaConSi4  accords  with  site  occupancies 
as  follows:  Aa  {3.5  La+0.5  Co};  Ad  {2  Co+2  Si};  1 6k  {16 
Co};  16/!  {16  Co};  16/2  {4  Co+12  Si}.  Using  LaConSi4  as 
an  example,  the  fraction  of  the  La  or  Si  sites  which  are 
occupied  by  Co  is  0.125  and  0.25,  respectively.  The  fraction 
of  the  Aa  sites  occupied  by  Co  ranges  from  0.067  for  8=  1  to 
0.223  for  8=  A. 

The  site  occupancies  cited  in  the  preceding  paragraph 
may  be  substantially  overestimated.  The  surplus  Co  has  been 
allocated  to  a  portion  of  the  Aa  and  16/2  sites,  assuming  that 
one  Co  atom  replaces  one  La  atom.  One  would  expect  a 
decrease  in  c  and  c!a ,  since  La  atom,  which  located  along  c 
axis  {Aa  sites)  was  replaced  by  Co  atom,  the  latter  is  much 
smaller  than  the  former.  Actually,  there  might  exist  the  situ¬ 
ation  such  as  in  R2Co17  in  which  the  2:17  structure  is  formed 
by  Co  pairs  (often  called  dumbbells)  replacing  R  in  the  RCo5 
structure.  If  R  is  replaced  by  pairs  of  Co,  the  fraction  of  the 
sites  not  occupied  by  rare  earths  will  be  reduced  by  about 
50%  in  the  nonstoichiometric  1:13  system.  If  dumbbell  Co’s 
are  indeed  involved,  this  might  also  account  for  the  tetrago¬ 
nal  structure  of  the  system.  If  the  dumbbell  axis  lies  along 
the  a  axis,  one  would  expect  expansion  of  a  and  a  decrease 


T  (K)  (H  =  500  Oe) 


FIG.  4.  M  vs  T  for  LaCo13Si4  (in  chunk  and  powder  form). 
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TABLE  II.  Magnetic  properties  of  LaCo9+<5Si4  and 
=Mfcc(10  K)+Mbc,(10  K),  Mfcc(10  K)=Mex(293  K)/0.98. 

haCog  ,5+^Si4.5 

(5=0-4).  M Ca,(bct) = {Af ex(  10  K)- 

Met( 293  K)/0.98}/mta . 

Mex(10  K) 

Si 

Co 

(S) 

Tc  (K) 

Mex  emu/g 

Mca,  (bet)  a 

Hc(  Oe) 

10  K 

bet 

fee 

293  K 

10  K 

yLtS/f.U. 

fiBICo 

4.0 

0 

40 

0.33 

2.24 

0.27 

3.0  X10~2 

1 

50 

1023 

6.50 

14.7 

1.28 

12.8  X10~2 

540 

2 

85 

1073 

8.95 

21.1 

2.05 

18.6  X10"2 

360 

3 

115 

1083 

15.4 

27.9 

2.37 

19.8  X10~2 

290 

4 

125 

1103 

28.1 

39.6 

4.5 

0 

* 

0.23 

0.28 

0.62X10"2 

0.07X10"2 

1 

50 

0.44 

1.51 

16.5X10"2 

1.74X10"2 

2 

65 

873,1023 

2.48 

8.24 

98.2X10-2 

9.35X10'2 

3 

75 

1023 

7.89 

13.3 

*TC  cannot  be  detected  at  10  K. 


in  the  axial  ratio.  This  is  in  accord  with  experiment.  Al¬ 
though  it  is  tempting  to  relate  the  decrease  in  axial  ratio  to 
the  substitution  of  La  by  Co  pairs,  other  factors  are  undoubt¬ 
edly  involved.  If  there  is  a  1  for  1  Co  for  La  substitution,  one 
should  write  LaCouSi4  as  (La35Co05)(Co38Si14)  to  empha¬ 
size  the  observance  of  the  1:13  structure. 

The  replacement  of  nonmagnetic  La  with  magnetic  Co 
should  profoundly  affect  the  magnetism  of  the  alloy,  raising 
Tc ,  for  example. 

B.  Magnetic  properties 

The  magnetic  properties  Tc,  M,  and  Hc  are  given  in 
Figs.  3-4  and  in  Table  II. 

From  the  results  presented,  it  is  to  be  noted  that  the 
stoichiometric  alloys  with  <5=0,  which  are  bet,  have  a  low 
moment  and  low  Tc .  The  isostructural  La-poor  nonstoichio- 
metric  alloys  with  <5A 0,  which  are  in  bet  and  fee  two-phase 
mixture,  show  a  higher  moment  and  two  Curie  temperatures 
Tc .  The  fee  phase  has  a  Tc  above  room  temperature,  up  to 
1103  K.  The  bet  phase  has  a  lower  Tc  down  to  temperature 
<40  K. 

As  expected,  with  increasing  Co  content,  the  Tc  for  both 
phases  increased.  In  the  LaCo9+(5Si4  case,  the  bet  phase  has  a 
Tc  ranging  from  40  K  ((5=0)  to  125  K  (<5=4),  and  in  the  fee 
phases  Tc  is  increased  from  1023  K  (<5=1)  to  1103  K  (<5=4). 
In  the  LaCo8  5+<5Si4  5  case,  the  Tc  of  the  bet  phase  with  <5=0 
cannot  detected  even  at  10  K,  but  for  <5^0,  Tc  increased  from 
50  K  (<5=1)  to  75  K(<5=3). 

The  magnetization  observed  Mex  at  10  K,  is  contributed 
by  both  the  weakly  magnetic  bet  phase  and  the  strongly  fee 
phase.  One  can  estimate  the  bet  main  phase’s  moment, 
Mcai(bct),  by  making  use  of  quantitative  XRD  measurement,9 
employing  “Peak  Fit”  and  “Desktop  Microscopist”  com¬ 
puter  programs  to  estimate  the  phases  present.  As  listed  in 
Table  II,  Mcal  (bet)  increases  with  increasing  Co  content  <5.  In 
the  LaCo9+(5Si4  case,  Mcal(bct)  for  <5^0  is  fourfold  to  sixfold 
higher  than  that  of  the  <5=0  alloy.  In  the  LaCo8  5+<5Si4  5  case, 
even  higher,  up  to  tenfold  increases,  is  observed. 


A  coercive  force  of  ~540  Oe  was  observed  in  loose 
powder  samples  of  LaCo10Si4  at  10  K  (see  Fig.  4).  Similar 
behavior  was  observed  in  other  samples  (see  Table  II).  The 
origin  of  this  behavior  may  be  due  to  a  change  in  anisotropy 
or  exchange  hardening.  The  latter  may  occur  in  a  fine  mix¬ 
ture  of  hard  and  soft  phases.  It  appears  to  be  a  consequence 
of  the  extra  cobalt.  Figure  5  shows  the  M  vs  T  about  293  K 
in  a  chunk  sample  of  LaCo13Si4  alloy.  The  heating  curve 
shows  an  increase  of  M  with  increasing  T .  A  puzzling  sharp 
drop  in  M  occurs  at  T~  853  K  during  cooling.  The  XRD 
patterns  before  and  after  this  cycle  show  the  main  structure 
did  not  change.  However,  Hot  Stage  XRD  patterns  show  that 
the  intensity  for  some  lines  changed  when  cooling  to  773  K, 
but  then  returned  to  normal  upon  cooling  to  373  K.  This 
behavior  may  be  related  to  some  type  of  order-disorder  trans¬ 
formation  which  affects  the  Co-Co  magnetic  interaction.  A 
surprising  feature  is  that  the  drop  is  not  in  powder  samples 
(see  insert  in  Fig.  5).  A  similar  situation  was  found  in  other 
alloys  of  LaCo9+<5Si4  (<5A0).  Further  investigation  about  this 
unusual  behavior  and  also  the  odd  coercivity  behavior  cited 
above  is  in  process. 
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Magnetic  and  crystallographic  properties  of  R2Fe14Si2  (R=  Y,  Gd, 
Dy,  Er,  and  Tm)  compounds  (abstract) 
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Carnegie  Mellon  Research  Institute,  Carnegie  Mellon  University,  Advanced  Material  Corporation, 

Pittsburgh,  Pennsylvania  15213 

In  connection  with  a  previous  work,1  magnetic  and  crystallographic  properties  of  the 
off-stoichiometric  compounds  R2Fe14Si2  of  the  R2Fe17-type  are  studied.  Magnetization  curves  at 
T=  5  K  are  observed  in  a  high  magnetic  field  up  to  15  T  for  loose  powders  as  well  as  for 
field-aligned  powders  of  the  samples  expressed  in  the  title.  Temperature  dependencies  of  the 
spontaneous  magnetizations  are  also  determined  in  the  temperature  region  from  5  K  to  the 
respective  Curie  temperature.  Detailed  x-ray  analysis  is  carried  out  for  Y2Fe14Si2.  Conclusions  are 
as  follows:  (1)  the  Si  substitution  brings  about  significant  displacements  of  the  12/-site  Fe  as  well 
as  the  dumbell-site  Fe  from  their  original  positions,  which  is  discussed  in  connection  with  other 
present  experimental  data  such  as  the  remarkable  enhancement  of  the  Curie  temperature  caused  by 
the  Si  substitution;  (2)  averaged  Fe  moment  reduction  is  strictly  determined  for  the  present  samples; 
(3)  all  the  samples  have  a  planer  anisotropy  at  room  temperature,  taking  this  fact  the  magnetization 
curves  for  the  field-aligned  samples  are  analyzed;  (4)  exchange  interaction  between  R  sublattice  and 
Fe  sublattice  has  been  determined  for  all  the  samples.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)65408-2] 
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Effect  of  Fe  and/or  Cu  contents  on  the  intrinsic  coercivity  of  Sm2Co17-type 
coercive  powders  for  the  bonded  magnet  application 

W.  L.  Liu,  Y.  L.  Liang,  D.  W.  Scott,  B.  M.  Ma,  and  C.  O.  Bounds 

Rhone- Poulenc ,  Rhone -Poulenc  Rare  Earths  and  Gallium,  CN  7500,  Cranbury,  New  Jersey  08512 

The  microstructure  of  conventionally  cast  Sm(CobalFe0  28CUyZr0  022)8.o  alloys,  where  v  =  0.043- 
0.092,  were  examined  by  optical  microscopy  and  scanning  electron  microscope  with  energy 
dispersed  analytical  x  ray  in  the  as-cast  state.  In  addition  to  the  regular  2:17  matrix  phase,  the 
Sm-rich  grain  boundary  phase  and  the  needle-like  Zr-rich  phases  are  present  in  most  commercial 
Sm(Co,Fe,Cu,Zr)z  alloys.  A  grayish  Sm-  and  Cu-rich  grain  boundary  phase  was  found  in  alloys  with 
u  2*0.07.  Attention  was  focused  on  the  impact  of  increasing  Cu  content  to  the  microstructure  and 
process  parameters  required  to  produce  coercive  powder  for  bonded  magnets.  An  increase  of  the  Cu 
content  from  the  v  value  from  0.043  to  0.092  shifts  the  liquid + 2: 17->TbCu7-type  transformation 
temperature  from  slightly  above  1180  to  approximately  1140  °C.  The  Hc[  of  optimally  prepared 
magnet  was  found  to  increase  significantly  while  the  Br  remained  relative  constant  when  the  Cu 
content  is  increased.  When  the  Cu  content  was  increased  to  beyond  v  =  0.07,  a  slight  decrease  in  the 
BHm ^  was  noticed.  A  magnetizing  field  of  15  kOe  and  more  than  50  kOe  were  determined  to  be 
necessary  to  charge  magnets  with  a  Hci  of  12  and  25  kOe,  respectively,  to  about  90%  of  their  full 
potential.  For  a  composition  of  Sm(CobalFeMCu0  07Zr0  022)8  0,  a  slight  increase  in  Fe  concentration 
from  w  =  0.22  to  0.28  was  found  to  increase  the  Br  of  an  optimally  prepared  magnet  from  8.07  to 
8.28  kG  and  decrease  the  Hd  from  1 1 .8  to  9.7  kOe.  A  BHmRX  of  15  MGOe  was  obtained  on  a  bonded 
magnet  with  a  composition  of  Sm(CobalFe0  28Cu0.07Zr0  022)8  0  when  the  data  are  normalized  to  a 
specific  density  of  7.0  g/cm3.  ©  7996  American  Institute  of  Physics.  [S0021-8979(96)35 108-0] 


I.  INTRODUCTION 

Although  NdFeB-type  permanent  magnets  have  gained 
most  of  the  attention  in  the  magnet  industry  in  the  past  de¬ 
cade,  outstanding  thermal  stability  and  high-energy  product 
(. BHmQX )  at  elevated  temperatures  make  Sm(Co,Fe,Cu,Zr)z 
magnets  attractive  for  advanced  applications.1,2  The  near  net- 
shape  production  of  Sm(Co,Fe,Cu,Zr)z  bonded  magnets 
make  them  potentially  superior  to  any  magnets  made  by  the 
sintering  route. 

In  our  previous  work,3  we  have  generally  identified  the 
three  major  phases,  namely,  the  2:17  matrix  phase,  the  Sm- 
rich  grain  boundary  phase,  and  the  Zr-rich  phases  embedded 
in  the  grain  boundary  region,  present  in  the  as-cast  alloy. 
The  influence  of  Zr  on  the  solidus  curves  of  liquid +2: 17 
— >TbCurtype  structure  transformation,  their  impact  on  the 
selection  of  processing  parameters  and,  consequently,  the  Hci 
of  the  powders  were  also  discussed.4  In  this  article,  we  dis¬ 
cuss  the  effect  of  Cu  to  Fe  ratio  on  the  Hci  obtained  on  the 
coercive  powders.  We  will  also  try  to  establish  a  relationship 
between  the  Hci  obtained  and  the  magnetizing  field  required 
to  achieve  full  potential  properties. 

II.  EXPERIMENT 

An  alloy  series  with  the  composition  of 
Sm(Co1_M„u.V(;FeMCUyZrw)z#  where  u  =  0.22-  0.28,  v 
=  0.043-0.092,  and  w  =  0.02-0.029,  and  z  varied  from  7.9 
to  8.3,  was  prepared  by  vacuum  induction  melting  and  con¬ 
ventional  mold  casting.  An  isothermal  anneal  in  the  tempera¬ 
ture  range  of  1130-1210  °C  was  applied  to  cast  ingots  in 
order  to  homogenize  the  microstructure.  At  the  end  of  ho¬ 
mogenization,  ingots  were  quenched  to  200  °C  under  an  ar¬ 
gon  atmosphere.  A  precipitation  hardening  treatment  (step 


aging)  was  then  applied  to  the  homogenized  ingots  to  de¬ 
velop  their  HCI .  Alloy  ingots  were  pulverized  by  a  hammer 
mill  to  less  than  40  /xm.  Cylindrical  bonded  magnets  were 
produced  by  mixing  the  alloy  powder  with  a  2  wt  %  epoxy 
resin,  aligning  with  a  60  kOe  pulse  magnetic  field  and  press¬ 
ing  isostatically.  After  curing,  the  magnets  were  demagne¬ 
tized  then  sliced  to  about  10  mm  in  length  for  magnetic 
property  measurements.  The  bonded  magnets  included  in  this 
work  all  exhibited  a  specific  density  of  more  than  6.1  g/cm3. 
Samples  were  then  pulse  magnetized  in  a  field  of  60  kOe 
prior  to  magnetic  measurement.  The  magnetic  properties, 
namely,  the  Br ,  Hci ,  and  Z?//max ,  were  measured  by  a  Walker 
Hysteresisgraph  System  model  MH-50.  The  Br  and  BHmw{ 
values  reported  are  normalized  to  a  specific  density  of  7.0 
g/cc,  which  is  the  density  of  most  commercial 
Sm(Co,Fe,Cu,Zr)z  bonded  magnets. 

The  microstructure  of  alloy  ingots  at  various  processing 
stages  was  examined  by  an  Olympus  PMG-3  microscope 
under  normal  mode.  A  scanning  electron  microscope  (SEM) 
with  energy  dispersed  analytical  x  ray  (ED AX)  was  utilized 
to  determine  the  Cu  distribution  in  the  grain  boundary  region 
of  treated  samples. 

III.  RESULTS  AND  DISCUSSION 

Shown  in  Fig.  1  are  optical  micrographs  of  cast  ingots 
with  a  nominal  composition  of  Sm(CobalFe0  28CUyZr0<o22)8.o» 
where  v~  0.043,  0.056,  and  0.092.  As  in  most  of  the  com¬ 
mercially  cast  Sm(Co,Fe,Cu,Zr)z  alloy,  three  major  phases, 
namely,  the  Sm2Co17  matrix  phase,  the  Sm-rich  grain  bound¬ 
ary  phase,  and  the  needle-like  Zr-rich  phase  embedded  in  the 
grain  boundary  phase  region,  are  present  in  all  cast  alloys.  A 
grayish  phase  in  the  grain  boundary  region  was  also  detected 
in  alloys  of  high  Cu  concentration  (u  2s  0.07).  SEM  ED  AX 
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FIG.  1.  Optical  micrographs  of  Sm(CobalFe0.28CuuZr0-o22)8.o»  where  u-(a) 
0.043,  (b)  0.056,  and  (c)  0.092,  ingots  in  the  as-cast  state. 

analyses,  shown  in  Fig.  2,  reveal  significant  enhancements 
on  both  the  Sm/Co  and  Cu/Co  intensity  ratios  when  the  Cu 
content  was  increased  from  0.043  to  0.092.  This  suggested 
that  the  solubility  of  Sm  in  the  grain  boundary  region  in¬ 
creases  with  increasing  Cu  content  in  the  cast  alloy.  A  slight 
suppression  of  the  Zr  peak  was  also  noticed  when  the  Cu 


Co 


FIG.  2.  SEM  ED  AX  analyses  of  Sm(CobalFe0.28Cui;Zr0.022)8.o)  where  y  =  (a) 
0.043  and  (b)  0.092,  ingots  in  the  as-cast  state. 

content  (v  value  in  the  formula  expression)  was  increased 
from  0.043  to  0.092.  These  changes  in  the  Sm,  Cu,  and  Zr 
distribution  in  the  grain  boundary  region  may  also  change 
the  position  of  the  solidus  line  for  the  liquid+2:17^TbCu7 
phase  transformation  and,  consequently,  the  solid  solution 
treatment  temperature  required  and  the  magnetic  proprieties 
obtained. 

Shown  in  Figs.  3(a),  3(b),  and  3(c)  are  optical  micro¬ 
graphs  of  three  ingots  with  a  nominal  composition  of 
Sm(Coba]Fe0  28CuyZr0  022)8.05  where  v  =  0.043,  0.056,  and 
0.092,  respectively,  after  an  isothermal  annealing  at  a  tem¬ 
perature  of  1180  °C.  For  v-  0.043  [shown  in  Fig.  3(a)],  the 
microstructure  exhibited  a  nearly  single-phase  material  with 
the  exception  of  a  few  Zr-rich  spots  scattered  in  the  matrix 
phase.  This  relatively  uniform  micro  structure  suggests  the 
ingot  was  annealed  at  a  temperature  below  the  solidus 
curve.3  With  a  slight  increase  in  Cu  content  [u  =  0.056  shown 
in  Fig.  3(b)],  a  band-like  liquid  phase  can  vaguely  be  ob¬ 
served  around  the  grain  boundary  region  indicating  the  ingot 
was  heat  treated  at  a  temperature  slightly  above  the  solidus 
curve.  When  the  Cu  content  was  further  increased  to 
v  =  0.092  [shown  in  Fig.  3(c)],  the  presence  of  the  liquid 
phase  became  very  pronounced  indicating  the  ingot  was 
treated  at  a  temperature  well  above  the  solidus  curve.  Em¬ 
ploying  the  same  technique  to  a  series  of  alloys,  the 
liquid +2:17  — >TbCu7  phase  transformation  temperature  was 
determined  to  decrease  linearly  from  a  temperature  slightly 
above  1180  to  approximately  1140  °C  when  the  Cu  content  v 
was  increased  from  0.043  to  0.092.  This  decrease  of  the 
liquid+2:17— >TbCu7  phase  transformation  temperature  sug- 
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FIG.  3.  Optical  micrographs  of  Sm(CobalFe0>2gCUyZr0i022)8i0,  where  u=(a) 
0.043,  (b)  0.056,  and  (c)  0.092,  ingots  after  an  isothermal  annealing  at  a 
temperature  of  1180  °C  for  6  h. 

gests  that  it  is  necessary  to  adjust  the  solid  solution  treatment 
for  each  Cu  concentration  to  obtain  the  optimum  structure 
and  magnetic  properties,  particularly  the  H ci ,  desired. 

Shown  in  Fig.  4  are  the  relationships  of  the  Br ,  HCI ,  and 
BHm ax  of  bonded  magnets  to  the  Cu  content  for  a  magnet 


FIG.  4.  The  variation  of  Br ,  Hcl  and  B//max  with  the  Cu  content  for  an  alloy 
series  with  a  nominal  composition  of  Sm(Co5alFe028CuyZr0  022)80,  where 
0.043*2  0.092. 


series  with  a  compositions  of  Sm(CobalFe0.28CuwZr0>o22)8.o» 
where  v  ranged  from  0.043  to  0.092,  when  optimized  with 
an  appropriate  solid  solution  treatment  and  the  corresponding 
precipitation  hardening  treatment.  The  HC1  increases  sharply 
while  the  Br  remains  relatively  constant  with  the  increasing 
Cu  content.  Unlike  the  Br ,  the  BHmax  value  showed  a  wide 
variation  with  the  Cu  content.  Because  of  the  low  Hc[,  a 
relatively  low  BHmax  was  obtained  at  low  Cu  concentration 
(v  =  0.043).  With  a  slight  increase  in  Hd ,  a  drastic  increase 
in  £//max  can  be  observed  when  the  Cu  content  (the  u  value 
in  the  formula  expression)  was  raised  from  0.043  to  above 
0.05.  When  the  Cu  content  was  increased  to  above  u  =  0.07, 
a  slight  decrease  in  BHmax  can  be  observed.  This  decrease  in 
BHm2LX  may  be  attributed  to  the  fact  that  either  an  excessive 
amount  of  the  nonmagnetic  phase  is  present  or  a  reduction  of 
the  magnetization  of  the  2:17  phase  in  the  final  magnet  has 
occurred  which  would  require  further  investigation. 

IV.  CONCLUSIONS 

The  microstructure  of  Sm(CobalFe0_28Cut,Zr0_022)8.o» 
where  v  =  0.043-0.092,  cast  alloys  have  been  examined  in 
the  as-cast  state.  A  Sm-  and  Cu-rich  grain  boundary  phase 
was  found  in  alloys  with  u^0.07  using  SEM  ED  AX  analy¬ 
sis.  The  liquid+2:17— >TbCu7  transformation  temperature 
was  found  to  decrease  from  slightly  above  1180  to  approxi¬ 
mately  1140  °C  when  the  Cu  content  (i.e.,  the  v  value)  was 
increased  from  0.043  to  0.092.  The  Hc[  of  optimally  prepared 
magnets  was  found  to  increase  significantly  while  the  Br 
remained  relatively  constant  with  the  increasing  Cu  content. 

1 T.  Shimoda,  K.  Kasai,  and  K.  Teraishi,  in  the  Proceedings  of  4th  Interna¬ 
tional  Workshop  on  Rare  Earth-Cobalt  Permanent  Magnets  and  their  Ap¬ 
plications,  Hakone  National  Park,  Japan,  1979,  p.  335. 

2  Y.  Mortia,  T.  Umeda,  and  Y.  Kimura,  IEEE  Trans.  Magn.  23,  2702  (1987). 
3M.  A.  Willard,  B.  M.  Ma,  D.  W.  Scott,  Y.  L.  Liang,  W.  L.  Liu,  and  C.  O. 
Bounds,  in  the  Proceedings  of  13th  International  Workshop  on  Rare  Earth 
Magnets  &  Their  Applications,  Birmingham,  UK,  1994,  p.  893. 

4W.  L.  Liu,  Y.  L.  Liang,  D.  W.  Scott,  B.  M.  Ma,  and  C.  O.  Bounds,  IEEE 
Trans.  Magn.  31  (1995)  (in  press). 
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CoFe204  thin  films  grown  on  (100)  MgO  substrates  using  pulsed  laser 
deposition 

P.  C.  Dorsey, a)  P.  Lubitz,  D.  B.  Chrisey,  and  J.  S.  Horwitz 

Naval  Research  Laboratory,  Washington,  DC  20375 

Thin  films  («0.4  ^m)  of  cobalt  ferrite  (CoFe204)  have  been  grown  on  single-crystal  (100)  MgO 
substrates  using  pulsed  laser  deposition  (PLD).  The  phase,  orientation,  and  microstructure  of  the 
as-deposited  films  were  investigated  as  a  function  of  substrate  temperature  (i.e.,  200-800  °C)  at  a 
constant  oxygen  deposition  pressure  of  30  mTorr.  The  as-deposited  films  were  found  to  be  single 
phase,  well  oriented,  and  approximately  matching  the  stoichiometry  of  the  target,  but  the  cubic 
lattice  constant  of  the  films  depended  on  the  substrate  temperature  indicating  that  the  films  were 
strained.  The  greatest  effect  of  the  substrate  temperature  was  on  the  magnetic  properties  of  the 
as-deposited  films.  At  800  °C,  4t tM  s  was  measured  to  be  5370  G  which  is  approximately  the 
accepted  bulk  value  for  cobalt  ferrite.  In  addition,  PLD  cobalt  ferrite  films  grown  at  substrate 
temperatures  of  600  and  800  °C  exhibited  a  uniaxial  magnetic  anisotropy  with  an  easy  direction 
normal  to  the  film  plane.  Films  grown  at  200  and  400  °C  also  exhibited  a  uniaxial  magnetic 


anisotropy  but  possessed  a  planar  easy  direction. 

[S0021-8979(96)35208-7] 

I.  INTRODUCTION 

In  this  study,  the  potential  for  growing  high  quality 
single-crystal  films  of  Co-ferrite  (CoFe204)  on  (100)  magne¬ 
sium  oxide  (MgO)  substrates  using  pulsed  laser  deposition 
(PLD)  was  investigated.  MgO  substrates  are  a  very  good 
lattice  match  with  spinel  ferrites  and  previous  success  at 
growing  epitaxial  MnZn-ferrite  films  on  (100)  MgO  has  al¬ 
ready  been  demonstrated  at  relatively  low  substrate 
temperatures.1  Most  practical  applications  of  Co-ferrite  such 
as  magnetic  recording  and  magneto-optic  recording  require 
low- temperature  processes  so  PLD  may  be  an  attractive  al¬ 
ternative  to  some  of  the  other  deposition  techniques  which 
have  been  used  to  grow  Co-ferrite2-6  The  growth  of  high 
quality  single-crystal  films  of  Co-ferrite  is  important  since 
many  intrinsic  magnetic  properties  can  be  investigated  using 
single  crystals.  The  information  obtained  from  the  PLD 
growth  of  single-crystal  films  can  then  be  used  to  understand 
the  PLD  processing  of  Co-ferrite  films  on  amorphous  or 
poly  crystalline  substrates  for  more  practical  applications. 

II.  EXPERIMENT 

Thin  films  were  pulsed  laser  deposited  from  a  5-cm- 
diam  phase-pure  polycrystalline  CoFe204  target  onto  1 
cmXl  cm  single-crystal  (100)  MgO  substrates.  The  PLD 
system  was  operated  for  5000  shots  at  a  laser  repetition  rate 
of  5  Hz  and  an  energy  density  of  2.5  J/cm2.  The  PLD  films 
were  grown  at  substrate  temperatures  of  200,  400,  600,  and 
800  °C  in  a  background  of  high-purity  oxygen  at  a  pressure 
of  30  mTorr.  Substrate  heating  was  provided  by  attaching  the 
MgO  substrate  using  silver  paste  to  a  radiatively  heated 
stainless-steel  block  which  was  positioned  4  cm  from  the 
target.  Substrate  temperature  and  background  oxygen  pres¬ 
sure  were  held  constant  during  deposition  using  a  tempera¬ 
ture  controller  with  a  thermocouple  imbedded  in  the  center 
of  the  stainless-steel  heater  block  and  a  capacitance  manom¬ 
eter  with  a  controllable  needle  valve.  In  order  to  reduce  rut- 


a)Paul  Dorsey  is  an  ASEE  postdoctoral  fellow. 


©  1996  American  Institute  of  Physics. 


ting  of  the  target  and  to  improve  film  uniformity  (e.g.,  com¬ 
position  and  thickness),  the  focused  laser  beam  was  rastered 
across  the  face  of  the  target  while  simultaneously  rotating  the 
target. 

III.  STRUCTURAL  RESULTS 

The  thickness  and  microstructure  of  the  as-deposited 
films  were  determined  using  scanning  electron  microscopy 
(SEM).  The  films  were  first  sputtered  coated  with  100  A  of 
platinum  since  the  films  are  insulating.  After  fracturing  the 
films  into  two  equal  halves,  cross-section  SEM  micrographs 
were  taken.  The  thicknesses  of  all  of  the  PLD  films  were 
measured  to  be  about  0.4  /xm.  The  surface  and  cross  section 
of  the  films  were  devoid  of  any  visible  microstructure  at  all 
substrate  temperatures.  The  films  were  very  dense  with  a 
smooth  surface  morphology  and  very  few  particulates. 

The  composition  of  the  as-deposited  films  was  measured 
using  Rutherford  backscattering  spectroscopy  (RBS)  and 
also  x-ray  fluorescence  (XRF).  Specifically,  RBS  was  used  to 
measure  the  oxygen  content  of  the  films  in  terms  of  the  oxy¬ 
gen  to  iron  and  cobalt  ratio  (i.e.,  O/Co+Fe),  while  XRF  was 
used  to  measure  the  metal  ratio  of  the  films  (i.e.,  Fe/Co).  The 
RBS  data  were  collected  using  6.2  MeV  He2+  ions  and  the 
analysis  was  performed  using  a  RUMP  simulation  which 
does  not  require  standards.7  The  XRF  data,  however,  were 
obtained  using  thin  film  standards  of  iron  and  cobalt  which 
are  valid  for  determining  the  composition  of  films  up  to  1.0 
fim  in  thickness.  The  RBS  and  XRF  results  for  the  PLD 
films  are  shown  in  Table  I.  The  PLD  process  is  typically 
known  for  producing  films  whose  stoichiometry  matches  the 
target  even  for  multicomponent  materials.  In  this  specific 
case,  the  metal  ratios  and  oxygen  to  metal  ratios  are  consis¬ 
tent  with  the  target  indicating  that  the  films  have  the  nominal 
composition  of  CoFe204. 

A  standard  0126  x-ray  diffraction  (XRD)  setup  was  used 
to  determine  the  phase  and  orientation  of  the  PLD  Co-ferrite 
films.  XRD  measurements  were  performed  using  a  Cu  Ka 
target  operating  at  20  kV  and  30  mA.  All  of  the  films,  re¬ 
gardless  of  substrate  temperature,  exhibited  x-ray  diffraction 
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TABLE  I.  XRF  and  RBS  composition  data  for  PLD  films  deposited  from  a 
CoFe204  target  onto  (100)  MgO  substrates  in  30  mTorr  of  02  as  a  function 
of  substrate  temperature. 


Substrate 

temperature 

(°C) 

Fe/Co 

0/(Co+Fe) 

200 

2.11 

1.58 

400 

2.17 

1.61 

600 

2.16 

1.60 

800 

2.14 

1.46 

peaks  corresponding  to  the  (400)  and  (800)  diffraction  lines 
of  the  spinel  structure.  There  were  no  other  film  diffraction 
peaks  present  in  the  XRD  patterns  and  all  of  the  films  exhib¬ 
ited  narrow  o>  scans  about  the  (400)  diffraction  plane  (see 
Table  II).  These  results  reveal  that  the  films  are  well  oriented 
and  are  of  high  crystalline  quality.  However,  the  positions  of 
the  (400)  and  (800)  diffraction  peaks  shifted  as  a  function  of 
substrate  temperature  indicating  a  change  in  the  cubic  lattice 
parameter  of  the  films.  The  accepted  literature  value  for  the 
bulk  lattice  parameter  a  of  Co-ferrite  is  8.38  A,  while  the 
unit  cell  length  for  MgO  is  4.21  A.8,9  The  calculated  unit  cell 
lengths  of  the  Co-ferrite  films,  based  on  the  experimentally 
measured  d  spacings  for  the  (400)  and  (800)  diffraction 
peaks,  are  summarized  in  Table  II.  At  substrate  temperatures 
of  600  and  800  °C,  the  PLD  Co-ferrite  films  have  a  cubic 
lattice  parameter  which  closely  matches  the  bulk  value.  At 
200  and  400  °C,  however,  the  cubic  lattice  parameter  normal 
to  the  film  plane  is  0.48%  larger  than  the  bulk  value  for 
CoFe204  which  indicates  that  the  PLD  Co-ferrite  films  are 
under  a  compressive  stress  in  the  film  plane. 

IV.  MAGNETIC  RESULTS 

The  saturation  magnetization  ( 4ttMs ),  coercive  field 
(. Hc ),  and  remanence  ratio  (Br/Bs)  of  the  PLD  Co-ferrite 
films  were  measured  using  a  vibrating  sample  magnetometer 
(VSM)  with  a  maximum  dc  magnetic  field  of  16  500  Oe.  The 
VSM  measurements  were  performed  with  the  dc  magnetic 
field  applied  normal  to  the  film  plane  (i.e.,  parallel  to  the 
(100)  direction)  and  in  the  film  plane  along  both  the  (001) 
and  (011)  crystallographic  directions.  The  AttMs  values  as  a 
function  of  substrate  temperature  are  graphed  in  Fig.  1.  The 
results  show  that  4ttMs  increases  with  increasing  substrate 
temperature  and  then  reaches  the  bulk  4ttMs  value  for  Co¬ 
ferrite,  which  is  5300  G,  at  a  substrate  temperature  of 
800  °C.8  The  coercive  field  and  remanence  ratio  are  shown  in 


TABLE  II.  XRD  results  for  PLD  Co-ferrite  films  summarizing  the  calcu¬ 
lated  unit  cell  length  for  the  films  and  the  full  width  at  half-maximum 
(FWHM)  values  for  cj  scans  about  the  (400)  film  plane. 


Substrate 

temperature 

(°C) 

c o  scan  FWHM 

about  the 

(400)  film  plane  (°) 

Cubic  lattice 
parameter 

(A) 

200 

0.142 

8.424 

400 

0.138 

8.433 

600 

0.125 

8.361 

800 

0.156 

8.388 

FIG.  1.  The  saturation  magnetization  as  a  function  of  substrate 

temperature  for  0.4-yum-thick  PLD  Co-ferrite  films  grown  on  (100)  MgO  in 
30  mTorr  of  02 . 


Figs.  2  and  3,  respectively.  The  values  in  these  graphs  are  the 
result,  in  part,  of  the  presence  of  a  large  magnetic  anisotropy 
in  the  PLD  Co-ferrite  films  which  changes  from  a  uniaxial  to 
a  planar  anisotropy  as  a  function  of  substrate  temperature 
and  causes  the  films  to  be  magnetically  anisotropic  with  re¬ 
spect  to  the  film  normal.  Films  grown  at  200  and  400  °C  are 
magnetically  easy  in  the  film  plane  with  a  hard  direction 
normal  to  the  film.  Or,  in  other  words,  the  uniaxial  magnetic 
anisotropy  term  Ku  is  a  negative  quantity.  PLD  Co-ferrite 
films  grown  at  600  and  800  °C  are  easy  normal  to  the  film 
plane  and  magnetically  hard  in  the  film  plane  such  that  Ku  is 
a  positive  quantity.  At  all  substrate  temperatures,  however, 
the  films  are  nearly  isotropic  in  the  plane.  Consequently,  Hc 
and  BrlBs  follow  similar  trends  as  a  function  of  substrate 
temperature  when  measured  along  the  (001)  and  (011)  crys¬ 
tallographic  directions.  The  VSM  hysteresis  curves  for  the 
PLD  Co-ferrite  films  grown  at  200  and  600  °C  are  shown  in 
Figs.  4  and  5,  respectively.  These  hysteresis  curves  qualita¬ 
tively  demonstrate  the  change  from  an  easy  planar  anisot¬ 
ropy  to  an  easy  axis  normal  to  the  film  plane.  Only  one 
in-plane  hysteresis  curve  is  shown  for  each  substrate  tem¬ 
perature,  even  though  two  in-plane  directions  were  mea¬ 
sured,  since  the  films  are  nearly  isotropic  in  the  plane. 


FIG.  2.  The  coercive  field  ( Hc )  along  the  (100),  (011),  and  (001)  crystallo¬ 
graphic  axes  as  a  function  of  substrate  temperature  for  0.4-yu.m-thick  PLD 
Co-ferrite  films  grown  on  (100)  MgO. 
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FIG.  3.  The  remanence  ratio  (Br/Bs)  along  the  (100),  (Oil),  and  (001) 
crystallographic  axes  as  a  function  of  substrate  temperature  for  0.4-/xm- 
thick  PUD  Co-ferrite  films  grown  on  (100)  MgO. 


V.  DISCUSSION  AND  CONCLUSION 

Experimental  results  from  RBS,  XRF,  and  XRD  demon¬ 
strate  that  well-oriented  (100)  CoFe204  films  can  be  grown 
on  (100)  MgO  substrates  using  PLD.  The  PLD  Co-ferrite 
films  grown  at  200  and  400  °C  have  a  cubic  lattice  constant 
normal  to  the  film  plane  which  is  larger  than  bulk  value  of 
CoFe204  indicating  that  the  film  is  compressively  stressed. 
In-plane  XRD  measurements  of  the  in-plane  lattice  constant 
would  confirm  the  existence  of  a  compressive  stress  since  the 
in-plane  lattice  constant  should  show  a  corresponding  reduc¬ 
tion  in  size  in  order  to  maintain  the  unit  cell  volume  at  a 
constant  value.  This  would  then  rule  out  other  factors,  such 
as  compositional  variations,  which  could  also  cause  changes 
in  the  lattice  constant  of  the  film.  Films  grown  at  600  and 
800  °C  had  nearly  bulk  cubic  lattice  constants  indicating  that 
the  higher  substrate  temperatures  effectively  relieve  the 
stress  in  the  films  by  allowing  the  film  unit  cell  length  to 
relax  to  its  bulk  value. 

An  estimate  of  the  uniaxial  magnetic  anisotropy  field 
(. Hu )  and  cubic  magnetocrystalline  anisotropy  field  ( HA )  ex¬ 
hibited  by  the  PLD  Co-ferrite  films  can  be  made  based  on  the 
VSM  hysteresis  curves.  The  estimation  can  be  made  using 
the  difference  in  the  applied  magnetic  fields  required  for 
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FIG.  4.  The  VSM  hysteresis  curves  measured  normal  to  the  film  plane  (i.e., 
magnetic  field  parallel  to  the  (100)  axis)  and  parallel  to  the  film  plane  (i.e., 
magnetic  field  parallel  to  the  (001)  axis)  for  0.4-yum-thick  PLD  Co-ferrite 
films  grown  on  (100)  MgO  at  200  °C. 


-20  -15  -10  -5  0  5  10  15  20 


Magnetic  Field  (kOe) 


FIG.  5.  The  VSM  hysteresis  curves  measured  normal  to  the  film  plane  (i.e., 
magnetic  field  parallel  to  the  (100)  axis)  and  parallel  to  the  film  plane  (i.e., 
magnetic  field  parallel  to  the  (001)  axis)  for  0.4-yum-thick  PLD  Co-ferrite 
films  grown  on  (100)  MgO  at  600  °C. 


saturation  along  the  hard  and  easy  directions.  In  the  case  of 
Hu ,  the  films  could  not  be  readily  saturated  in  the  hard  di¬ 
rection  with  the  available  magnetic  field,  so  the  hard  direc¬ 
tion  hysteresis  curve  must  be  extrapolated  to  saturation.  Ex¬ 
trapolating  to  saturation  for  the  two  cases  of  the  PLD  films 
grown  at  200  and  600  °C  gives  Hu  values  of  59  and  26  kOe, 
respectively.  The  most  likely  origin  of  such  large  uniaxial 
magnetic  anisotropy  fields  in  Co-ferrite  would  be  due  to  its 
large  magnetostriction  terms.8,10"12  However,  the  films 
grown  at  600  and  800  °C  appear  to  have  little  or  no  uniform 
stress  present  so  magnetostriction  would  seem  to  be  an  un¬ 
likely  candidate  for  producing  such  a  large  magnetic  anisot¬ 
ropy.  In  the  films  grown  at  200  and  400  °C,  magnetostriction 
does  play  a  role.  The  presence  of  the  compressive  stress 
would  cause  the  magnetization  to  lie  normal  to  the  film  plane 
(i.e.,  normal  to  the  compressive  stress)  since  the  sign  of  the 
magnetostriction  term  is  negative  for  Co-ferrite.  As  was 
shown,  this  is  the  case.  Finally,  Co-ferrite  has  a  significant 
cubic  anisotropy  field  of  about  6800  Oe  which  should  mani¬ 
fest  itself  in  the  in-plane  hysteresis  curves  along  the  (001) 
and  (Oil)  directions.8,10"12  There  is  essentially  no  difference 
in  the  hysteresis  curves  for  these  two  orientations,  however, 
so  the  first-order  cubic  magnetocrystalline  anisotropy  term 
can  be  considered  to  be  negligible  in  these  PLD  Co¬ 
ferrite  films. 
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Optical  and  magnetic  studies  of  SmCo  and  SmFe  films  (abstract) 
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Department  of  Physics,  Fu  Jen  University,  Taipei  242 ,  Taiwan 

Permanent  magnetic  materials  based  on  iron,  cobalt,  and  rare  earths  have  been  extensively  studied 
during  the  past  years.  It  is  very  interesting  to  study  the  physical  properties  of  film  type  permanent 
magnet  materials.  In  this  investigation,  we  report  the  optical  and  magnetic  properties  of  SmCo, 
SmFe,  Sm,  Co,  and  Fe  films  as  well  as  the  comparison  of  the  electrical  resistivity  and  magnetization 
behaviors  between  these  films.  The  optical  transmittance  and  reflectance  have  been  measured  as 
functions  of  the  wavelength  and  the  thickness  for  all  the  films  with  thickness  less  than  2000  A.  The 
electrical  resistivity  and  magnetization  have  been  measured  below  room  temperature.  The  slope  of 
electrical  resistivity  is  decreased  with  decreasing  the  thickness  of  the  films.  The  films  are  transparent 
with  thickness  less  than  800  A  for  magnetic  films.  For  films  with  thickness  at  200  A,  the  values  of 
the  transmittance  are  50,  48,  38,  18,  and  14  for  Sm,  SmCo,  SmFe,  Co,  and  Fe,  respectively.  This  is 
explained  due  to  the  difference  of  the  magnetic  permeability  of  all  the  films.  The  oscillatory 
behaviors  of  reflection  for  all  the  films  are  qualitatively  consistent  with  that  of  the  theoretical  predict 
for  an  absorbing  surface.  Up  to  now,  the  best  magnetic  properties  for  magnetic  films  at  room 
temperature  are  with  an  intrinsic  coercivity  of  1450  Oe  and  an  energy  product  of  4.5 
MGOe.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)65508-l] 


Aspects  of  sintering  barium  hexaferrite  with  Si02,  Al203,  CaC03, 
and  Y6Fe10O24  additions  for  microwave  applications  (abstract) 
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Results  are  presented  regarding  the  sintering  mechanisms  of  barium  hexaferrite  (BaFe12019)  and 
modification  thereof  via  secondary  phase  additions.  Additional  studies  are  presented  concerning  the 
effect  of  additives  and  microstmctural  development  on  the  resultant  microwave  frequency  magnetic 
and  dielectric  loss  properties.  The  increasing  demands  on  materials  for  microwave  application  has 
required  development  of  barium  hexaferrites  to  achieve  fine  grain  size  (i.e.,  ^1  yum),  a  high  degree 
of  c  axis  alignment,  high  density  and  a  minimum  in  dielectric  loss.  To  accomplish  such  a  task  one 
area  of  interest  is  that  of  incorporating  secondary  phases.  Additions  of  Si02,  A1203  and  CaC03  are 
examined  in  terms  of  grain  size,  magnetic,  and  dielectric  loss  properties.  Thermal  analysis  methods 
revealed  a  redox  reaction  associated  with  the  sintering  process  in  barium  hexaferrite.  The  use  of 
yttrium  iron  garnet  (Y6Fe10O24)  indicated  an  enhanced  densification  behavior  in  comparison  to 
undoped  barium  hexaferrite  which  was  associated  to  a  decreased  redox  reaction  temperature.  The 
inclusion  of  the  Si02,  A1203,  and  CaC03  additions  were  seen  to  inhibit  the  redox  reaction  as 
measured  via  thermal  analysis  while  liquid  phase  sintering  occurred.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)65608-3] 
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Finite  element  modeling  of  powder  aligning  and  multipole  magnetizing 
systems  for  anisotropic  bonded  permanent  magnets 
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The  manufacture  of  anisotropic  bonded  permanent  magnets  involves  the  application  of  an  aligning 
field  during  the  moulding  of  the  magnet,  and  in  most  cases,  particularly  those  involving  anisotropic 
NdFeB  powder,  the  subsequent  application  of  a  considerably  larger  magnitude  magnetizing  field, 
which  in  turn  is  usually  produced  by  a  capacitor  discharge  magnetizer  and  a  geometry  specific 
fixture.  A  finite  element  based  method  for  modeling  both  of  the  production  stages  is  presented,  and 
the  method  is  validated  by  a  case  study,  which  includes  extensive  material  characterization  on  a 
four-pole  anisotropic  NdFeB  cylinder.  ©  1996  American  Institute  of  Physics. 

[S0021-8979(96)35308-3] 


I.  INTRODUCTION 

Bonded  permanent  magnets  based  on  anisotropic  perma¬ 
nent  magnet  powders  are  attractive  for  many  applications 
since  they  offer  significant  advantages  in  terms  of  flexibility 
of  manufacture  compared  to  sintered  magnets,  while  having 
magnetic  properties  which  are  superior  to  the  isotropic  forms 
of  the  same  material  type.  However,  the  manufacture  of  an¬ 
isotropic  bonded  magnets,  by  either  injection  or  compression 
moulding,  requires  that  the  cavity  of  the  mould  is  exposed  to 
a  magnetic  field  of  the  appropriate  orientation.  The  aligning 
field,  which  is  produced  by  either  an  electromagnet  or  an 
array  of  permanent  magnets,  can  be  a  simple  two-pole  axial 
pattern,  a  homopolar  radial  pattern,  or  more  complex  multi¬ 
pole  patterns. 

Following  the  moulding  process,  the  aligned  magnet  is 
partially  magnetized  as  a  result  of  the  applied  aligning  field. 
However,  in  almost  all  cases  involving  NdFeB  anisotropic 
bonded  magnets,  a  secondary  impulse  magnetization  at  a 
considerably  higher  field  level  is  required  in  order  to  estab¬ 
lish  the  full  potential  properties. 

This  article  is  concerned  with  the  electromagnetic  finite 
element  modeling  of  these  two  coupled  production  stages, 
with  particular  emphasis  on  modeling  the  effects  of  complex 
and  often  incomplete  alignment  and  magnetization  within  a 
permanent  magnet  component.  Although  the  material  charac¬ 
terization  and  the  case  study  presented  are  based  on  an  in¬ 
jection  moulded  NdFeB  anisotropic  magnet,  the  modeling 
techniques  developed  are  entirely  general,  and  can,  with  the 
appropriate  material  characterization,  be  equally  applied  to 
compression  moulding  and  other  materials  such  as  aniso¬ 
tropic  ferrite  bonded  magnets. 

II.  MATERIAL  CHARACTERIZATION 

The  finite  element  modeling  of  the  alignment  and  mag¬ 
netization  production  steps  requires  extensive  characteriza¬ 
tion  of  the  permanent  magnet  material,  since  the  remnant 
properties  exhibited  by  localized  regions  within  the  finished 
permanent  magnet  component  are  a  function  of  both  the 
magnitude  and  orientation  of  the  aligning  field  and  the  sub¬ 
sequent  impulse  magnetizing  field. 

The  extent  of  the  data  required  for  the  modeling  can  be 
illustrated  by  considering  the  characterization  of  an  aniso¬ 


tropic  NdFeB  injection  moulding  compound  (Dai  Nippon 
Ink  and  Chemicals  Compodic  NDA502E,  65%  NdFeB  vol¬ 
ume  loading).  To  characterize  the  material,  a  large  number  of 
8  mm  cube  samples  were  injection  moulded  on  a  small  labo¬ 
ratory  scale  pneumatic  injection  moulding  machine.  Each 
sample  was  produced  under  the  same  moulding  conditions, 
viz.,  a  barrel  temperature  of  280  °C,  a  mould  temperature  of 
80  °C,  and  an  injection  pressure  of  12.4  MPa  (1800  psi), 
conditions  which  resulted  in  measured  sample  densities  of 
-5.2  g/cc. 

To  measure  the  effect  of  the  aligning  field  on  the  subse¬ 
quent  properties  of  the  samples,  a  constant  dc  uniaxial  align¬ 
ing  field  was  applied  throughout  the  moulding  process  in  an 
orthogonal  direction  to  the  direction  of  injection.  The  field 
was  generated  by  an  electromagnet  with  40  mmX40  mm 
pole  face,  designed  to  produce  a  uniform  field  in  the  region 
occupied  by  the  mould  cavity.  The  magnitude  of  the  aligning 
field  was  increased  from  0  A/m  to  800  kA/m  (0.0  to  1.0  T), 
in  80  kA/m  uniform  increments. 

The  second  quadrant  demagnetization  curves  were  mea¬ 
sured  in  an  iron  yoked  dc  permeameter,  either  directly  from 
the  mould  or  following  impulse  magnetization  with  a  speci¬ 
fied  magnetizing  field  strength  in  a  two-pole,  air-cored  sole¬ 
noid.  The  demagnetization  characteristics  were  measured  in 
directions  both  parallel  and  perpendicular  to  the  direction  of 
the  applied  aligning  field.  In  both  cases,  the  impulse  magne¬ 
tizing  field  was  applied  in  a  direction  parallel  to  the  direction 
of  measurement.  A  number  of  the  measurements  were  sys¬ 
tematically  repeated  in  order  to  ensure  that  the  measured 
magnetic  properties  were  not  significantly  affected  by  the 
barrel  residence  time  (i.e.,  the  time  that  the  compound  re¬ 
mains  in  the  barrel  at  280  °C,  which  in  a  laboratory  scale 
moulder  is  not  necessarily  representative  of  volume  produc¬ 
tion  conditions). 

Figures  1  and  2  show  the  variation  of  the  resultant  rema- 
nence  with  the  magnitudes  of  the  aligning  field  and  the  sub¬ 
sequent  impulse  magnetizing  field.  In  the  absence  of  an 
aligning  field,  a  remanence  of  0.44  T  was  measured  in  three 
orthogonal  directions,  which  confirms  the  absence  of  any 
significant  flow  induced  anisotropy  in  the  magnet  samples. 

The  surface  plots  of  Figs.  1  and  2  are  useful  in  summa¬ 
rizing  the  levels  of  aligning  field  and  magnetizing  field  re¬ 
quired  in  order  to  obtain  the  full  potential  properties  of  the 
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FIG.  1.  Remenance  of  magnet  samples  measured  in  the  direction  of  align¬ 
ment  as  a  function  of  the  aligning  field  and  the  subsequent  magnetizing 
field. 

material.  However,  to  accurately  model  the  behavior  of  the 
magnet  requires  a  demagnetization  characteristic  in  a  direc¬ 
tion  both  parallel  and  perpendicular  to  the  aligning  field  for 
each  combination  of  aligning  field  and  magnetizing  field,  a 
total  of  154  curves  for  the  increments  chosen  in  this  case. 

In  order  to  account  for  nonlinear  behavior  of  the  magnet 
material  in  the  first  quadrant  in  both  the  moulding  and  mag¬ 
netizing  steps,  it  is  necessary  to  measure  the  various  magne¬ 
tization  curves  of  the  material  for  each  aligning  field  in  di¬ 
rections  both  parallel  and  perpendicular  to  the  aligning  fields. 
Magnet  samples  were  moulded  in  a  known  aligning  field  and 
demagnetized  in  a  dc  permeameter,  following  which  the  ini¬ 
tial  magnetization  curves  were  measured. 

III.  MODELING  METHODOLOGY 

Having  generated  the  appropriate  material  data,  the  fol¬ 
lowing  finite  element  calculations  are  performed: 

(i)  The  field  distribution  in  the  mould  cavity  is  predicted 
using  an  in-house  developed  magnetostatic  nonlinear  finite 
element  package.  Since  the  initial  magnetization  curve  of  the 
material  during  the  moulding  process  is  itself  a  function  of 
the  magnitude  of  the  localized  aligning  field,  the  initial  mag- 


FIG.  2.  Remenance  of  magnet  samples  measured  perpendicular  to  the  di¬ 
rection  of  alignment  as  a  function  of  the  aligning  field  and  the  subsequent 
magnetizing  field. 


Injection  Mould  Magnetizing  fixture 

Permanent 


FIG.  3.  Leading  dimensions  of  mould  and  impulse  magnetizing  fixture. 


netization  curve  within  each  element  is  iteratively  modified 
to  reflect  the  level  of  aligning  field  to  which  it  is  exposed. 
From  the  resultant  field  distribution,  the  direction  and  mag¬ 
nitude  of  the  aligning  field  in  each  individual  finite  element 
within  the  region  occupied  by  the  moulded  magnet  can  be 
determined.  The  subsequent  behavior  of  the  element  to  ex¬ 
ternally  applied  magnetizing  fields  can  then  be  modeled  by 
reference  to  the  appropriate  series  of  demagnetization  curves 
for  the  calculated  aligning  field,  with  due  interpolation  be¬ 
tween  the  discrete  measured  characteristics. 

(ii)  The  model  of  the  aligned  magnet  is  placed  in  a  finite 
element  model  of  the  impulse  magnetizing  fixture  in  order  to 
calculate  the  magnitude  and  direction  of  the  magnetizing 
field.  In  the  majority  of  cases  involving  the  magnetization  of 
the  magnet  alone,  a  single  nonlinear  magnetostatic  finite  el¬ 
ement  solution  with  the  calculated  peak  fixture  current  will 
usually  suffice.  However,  in  some  instances,  e.g.,  the  magne¬ 
tization  of  a  component  containing  a  significant  region  of 
solid  soft  magnetic  material  such  as  an  assembled  rotor  for  a 
machine,  recourse  to  a  transient,  circuit-coupled,  finite  ele¬ 
ment  simulation  may  be  necessary  to  include  the  effect  of 
eddy  currents  and  saturation  of  the  soft  magnetic  parts  on  the 
predicted  field  distribution  and  fixture  current.1  The  calcu¬ 
lated  magnetizing  field  within  each  element,  can  be  resolved 
into  components  along  the  “preferred”  and  “nonpreferred” 
directions  of  the  element,  i.e.,  the  direction  parallel  and  per¬ 
pendicular  to  the  aligning  field  calculated  during  the  model¬ 
ing  of  the  moulding  process.  The  resultant  second  quadrant 
demagnetization  characteristics  for  this  particular  element  in 
both  its  preferred  and  nonpreferred  directions  can  then  be 
established  from  the  measured  material  characteristics. 

(iii)  The  model  of  the  magnet,  which  may  well  include 
individual  elements  which  are  not  fully  aligned  and/or  fully 
saturated,  can  be  incorporated  in  a  finite  element  model  of 
the  fully  assembled  device.  The  resulting  predicted  field  dis¬ 
tributions  can  be  used  to  assess  the  final  device  performance, 
e.g.,  emf  and  cogging  torque  wave  forms  in  the  case  of  a 
permanent  magnet  machine. 
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FIG.  4.  Predicted  magnetostatic  field  distributions  of  the  aligning  system, 
the  impulse  magnetizing  fixture  and  the  magnet  within  the  mild  steel  sleeve. 

IV.  VALIDATION 

In  order  to  validate  the  technique,  a  mould  and  fixture  to 
produce  a  four-pole  self-shielding  anisotropic  NdFeB  magnet 
with  a  diameter  of  22  mm,  and  an  axial  length  of  25  mm 
were  modeled  and  constructed  for  experimental  assessment. 
The  leading  dimensions  of  the  injection  mould  and  the  im¬ 
pulse  magnetizing  fixture  are  shown  in  the  cross  sections  of 
Fig.  3.  The  four-pole  aligning  field  in  the  mould  is  produced 
by  an  array  of  sintered  NdFeB  magnets  (Ugistab  300H), 
whose  properties  were  measured  at  the  mould  operating  tem¬ 
perature  of  80  °C  for  inclusion  in  the  finite  element  model. 
The  magnetizing  fixture  draws  a  current  pulse  which  has  a 
peak  magnitude  of  3380  A  and  a  time  to  peak  of  0.78  ms 
when  connected  to  a  capacitor  discharge  magnetizer  with  a 
stored  energy  of  1.72  kJ  (7000  (jl¥  at  700  V). 

Although  the  geometry  of  the  aligning  system  in  the 
mould  is  in  some  respects  representative  of  that  which  would 
be  used  in  the  manufacture  of  a  multipole  self  shielding  ro¬ 
tor,  the  relative  dimensions  of  the  various  components  were 
specifically  chosen  to  produce  regions  within  the  moulded 
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FIG.  5.  Measured  and  predicted  airgap  flux  density  wave  forms. 

magnet  which  are  exposed  to  aligning  fields  significantly 
lower  than  those  required  to  achieve  near  full  alignment,  i.e., 
<800  kA/m  (1.0  T).  Further,  there  is  a  certain  degree  of 
misalignment  between  the  orientation  of  the  applied  magne¬ 
tizing  field  and  the  orientation  of  the  magnet  alignment.  In 
the  integrated  design  of  a  mould  and  its  associated  magne¬ 
tizing  fixture,  one  would  endeavor  to  avoid  both  of  these 
situations.  However,  for  the  purposes  of  a  general  validation, 
the  specified  problem  is  considerably  more  demanding  to 
model  than  a  well-aligned  material  with  a  well-matched 
magnetizing  fixture. 

Following  the  magnetization  stage  the  magnet  was  lo¬ 
cated  within  a  5-mm-thick  mild  steel  sleeve  with  an  air  gap 
of  2  mm.  The  calculated  field  distributions  during  the  moul¬ 
ding  process,  the  impulse  magnetization,  and  after  incorpo¬ 
ration  in  the  mild  steel  sleeve  are  shown  in  Fig.  4.  Profiles  of 
the  normal  component  of  flux  density  1mm  from  the  surface 
of  the  magnet  were  measured  by  a  Hall  probe,  the  location  of 
which  was  maintained  by  a  precision  machined  nonmagnetic 
insert.  The  process  was  repeated  for  a  second  sample  for 
which  the  sintered  magnets  were  removed  from  the  mould  to 
give  a  zero  aligning  field.  Figure  5  shows  the  measured  and 
predicted  profiles  of  radial  flux  density  in  the  gap  and  a  pre¬ 
dicted  profile  of  a  fully  aligned  sample  for  comparison.  In 
both  cases,  there  is  good  agreement  between  the  measured 
and  predicted  profiles. 

V.  CONCLUSIONS 

A  finite  element  based  method  for  modeling  both  the 
production  stages  in  the  fabrication  of  an  anisotropic  injec¬ 
tion  moulded  magnet  and  the  subsequent  performance  evalu¬ 
ation  have  been  presented.  The  method  has  been  validated  on 
a  four-pole  anisotropic  NdFeB  cylinder  for  which  the  align¬ 
ing  system  was  specifically  designed  to  produce  fields  suffi¬ 
cient  to  only  partially  align  the  magnet.  The  method  can  be 
utilized  in  the  design  of  combined  alignment  and  magnetiza¬ 
tion  systems  in  order  to  extract  maximum  leverage  from  the 
available  injection  moulded  magnet  materials. 

*G.  W.  Jewell,  D.  Howe,  and  T.  S.  Birch,  IEEE  Trans.  Magn.  26,  1638, 
(1990). 


6344  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Riley,  Jewell,  and  Howe 


Kondo,  Mixed  Valence,  and  Heavy  Fermions  I 


P.  Schlottman,  Chairman 


Metal-insulator  transition  in  the  presence  of  excitonic  correlation 

Mucio  A.  Continentino 

Instituto  de  Fisica,  Universidade  Federal  Fluminense,  Campus  da  Praia  Vermelha,  Niteroi  24.210-340,  RJ, 
Brazil 

Gloria  M.  Japiassu 

Instituto  de  Fisica,  Universidade  Federal  do  Rio  de  Janeiro,  Caixa  Postal  68.528, 

Rio  de  Janeiro  21.945-970,  RJ,  Brazil 

Amos  Troper 

Centro  Brasileiro  de  Pesquisas  Fisicas,  Rua  Dr.  Xavier  Sigaud  150,  Rio  de  Janeiro  22.290-180,  RJ,  Brazil 

We  study  the  possibility  of  an  excitonic  transition  in  a  two-band  model  and  show  that  a  true  phase 
transition  does  not  occur  in  the  presence  of  hybridization  since  the  one-body  mixing  term  acts  as  a 
conjugate  field  to  the  order  parameter  of  the  excitonic  phase.  We  suggest  an  alternative 
interpretation  for  recent  experiments  on  rare  earth  semiconductors  based  on  a  metal-insulator 
transition  associated  with  the  opening  or  closing  of  a  hybridization  gap  at  a  critical  pressure. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)25108-7] 


Recently  Wachter  and  colaborators1,2  have  claimed  to 
observe  a  transition  to  an  excitonic  insulator  in  a  doped 
narrow-band-gap  semiconductor  at  moderate  pressures  and 
in  a  strongly  correlated  metal.2 

With  renewed  interest  in  this  subject  motivated  by  these 
challenging  experiments1,2  and  the  close  connection  of  the 
materials  which  have  been  investigated  with  Kondo 
insulators,3  we  study  the  possibility  of  this  excitonic  transi¬ 
tion  in  the  presence  of  hybridization  in  a  two-band  model. 
We  point  out  that  no  sharp  excitonic  phase  transition  occurs, 
within  our  model,  when  external  pressure  is  applied.  The 
reason  is  that  the  hybridization,  which  depends  on  pressure, 
acts  as  a  conjugate  field  to  the  order  parameter  of  the  exci¬ 
tonic  phase  and  destroys  this  transition.4  We  obtain  however 
that  the  mixing  term  is  strongly  renormalized  by  excitonic 
correlations  and  suggest  an  alternative  interpretation  for  the 
experiments  of  Wachter  et  al.1'2  on  the  basis  of  the  appear¬ 
ance  of  a  hybridization  gap  at  a  critical  pressure.  This  metal- 
insulator  transition  is  in  the  same  universality  class  of  the 
density-driven  transitions  for  which  the  relevant  critical  ex¬ 
ponents  have  been  previously  obtained.  A  characteristic  fea¬ 
ture  of  this  metal-insulator  transition  is  that  the  gap  opens 
linearly  with  pressure  close  to  the  critical  pressure.  This  is  a 
direct  consequence  of  the  fact  that  the  gap  exponent  assumes 
the  value  vz~l4 

The  Hamiltonian  which  describes  the  dynamics  of  our 
system  is: 

#=2  «*«*«*+ 2  4blbk+'£  Vk(albk+blak) 

k  k  k 

-  2  G(q)a\+qakb\,_  bk, ,  (1) 

k,k'  ,q 

where  ek  and  e\  represent  the  energies  for  electrons  in  the 
narrow  a -band  and  in  the  broad  conduction  b-band ,  respec¬ 
tively.  The  operators  a\,  a k  create  and  destroy  electrons  in 


the  narrow  band  and  bk,  bk  are  creation  and  annihilation 
operators  of  electrons  in  the  wide  conduction  band;  V  is  the 
mixing  term,  which  arises  from  the  crystalline  potential  and 
G  is  the  effective  attractive  interaction  between  spinless 
electrons  and  holes.5  For  the  situation  we  are  interested  G  is 
the  most  important  interaction  and  consequently  we  do  not 
take  into  account  the  Coulomb  repulsion  between  the  elec¬ 
trons  in  the  narrow  band.  We  shall  employ  the  equation  of 
motion  method6  to  calculate  the  order  parameter  associated 
with  the  excitonic  phase,  namely,  A  =  ^k(bkak).  We  calcu¬ 
late  the  frequency-dependent  Green’s  function  ((ak  ;Z?^))a> 
and  use  a  convenient  mean-field  approximation,  so  that,  ne¬ 
glecting  the  ^-dependence  of  G,  we  obtain 


[(a-4K<o-4)~VlY 


(2) 


where  Vk=  V+  GA* ,  with  A*  =  {b\ak).  The  new  energies  of 
excitation  of  the  system  are  given  by  the  poles  of  the  propa¬ 
gator 


w  1  at k )  -  H €t  +  A ±  V(  +  •  (3) 


In  order  to  obtain  explicit  results  for  the  excitonic  order  pa¬ 
rameter  we  adopt  the  homothetic  band  model7  which  consists 
in  taking  ebk=  ek  and  eka=  aek+/3.  The  quantity  a  (a<l) 
may  be  interpreted  as  taking  into  account  the  different  effec¬ 
tive  masses  of  the  electrons  in  the  narrow  a -band  and  the 
broad  6-band,  i.e.,  {mhlma)  —  a.  The  quantity  f3  gives  the 
shift  of  the  narrow  band  with  respect  to  the  broad  band. 

The  energies  at  the  bottom  of  the  hybrid  bands  are 

E2b'1=${/3±[/32  +  4  V2]172},  (4) 


and  the  energies  at  the  top  are 


et  ~  2 


P 

(1  +  a)+-± 


1/2 


(5) 
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where  D  is  the  bandwidth  of  the  wide  conduction  £>-band.8 

The  expression  for  the  gap  AG  between  the  two  bands  as 
a  function  of  the  hybridization  V  and  the  electron-hole  inter¬ 
action  G  is  given  by 


D 


a~ 


■1  + 


D 


+4d 


y\ 2 


1/2 


(p\2  {v\2 

1/2 

+ 

Us)  +4U)  1 

-(l  +  a) 

(6) 


Consequently  for  a  two-band  system  the  opening  of  a  hybrid¬ 
ization  gap,  contrary  to  what  occurs  for  the  Anderson  lattice 
model,9  requires  a  critical  value  of  renormalized  hybridiza¬ 
tion  (VID)C  given  by 


o  0  , 

2a~  —  (a- 


1) 


1  1/2 


(1  +  a)2 


(V) 


Notice  that  for  0,  Vc^0  as  expected  for  a  collection  of 
localized  levels.  In  this  case9  also  AGocy2  contrary  to  our 
two-band  problem  where  close  to  (V/D)c  we  find 


D 


(y\  1 

'v\ 

U) 

Dj 

'  '  C 

(8) 


so  that  the  gap  opens  linearly  close  to  Vc ,  i.e.,  vz=  1,  as  in 
the  non-interacting  case4  Within  the  assumption  that 
|  ( VI D)  -  ( V/D)c\<*  \P  —  PC\  where  Pc  is  the  critical  pressure, 
this  result,  i.e.,  AG°c| P-Pc\,  describes  the  observed  behav¬ 
ior  for  Sm075La025S2  and  also  for  the  compound  SmB610,11 
(see  Fig.  1).  We  point  out  that  the  relevant  variable  here  is 
(V/D)  which  can  either  increase  or  decrease  with  pressure, 
for  a  given  pressure  range,  depending  on  the  relative  pressure 
dependence  of  the  hybridization  and  bandwidth. 

We  give  now  the  scaling  results  for  the  properties  of  the 
Fermi  liquid  in  the  metallic  phase  close  to  the  metal-insulator 
transition.4  We  find  that  the  thermal  mass  mT,  defined  as  the 
coefficient  of  the  linear  term  of  the  specific  heat  scales  as 
mT<^\P- Pc\^dt2)~l  and  in  three  dimensions  vanishes  as 
mT^\P  -  P  c\m .  The  same  scaling  is  found  for  the  uniform 
susceptibility  Xo>  the  compressibility  k  and  the  density  of 
states  at  the  chemical  potential.  The  number  of  carriers 
w  alp  —  p\d/2.  The  behavior  of  the  thermal  mass  obtained 

C  I  ci 

above  is  opposite  to  that  found  in  heavy  fermions,  where  it 
is  enhanced  as  the  system  approaches  the  critical  point.  The 
characteristic  or  coherence  temperature  in  the  metallic  phase 
scales  as  TC*(P-PC)  since  vz=  l.4  The  existence  of  a 
small  coherence  temperature  close  to  the  density-driven 
phase  transition  gives  rise  in  the  presence  of  electron- 
electron  interactions  to  a  significant  T 2  term  in  the  resistivity 
even  in  wide  band  materials  as  Yb.13  If  we  write 


T<TC 

-2 


then  the  coefficient  A  scales  as 


p^p0+AP2  for 
AocT;2*(P-Pc) 

At  the  critical  pressure,  P  =  PC,  we  expect  to  find  non- 
Fermi  liquid  behavior  with  the  specific  heat  vanishing  with 
temperature  as  C^T312  and  *0<xr1/2.  In  actual  systems  the 


P/Pc 


FIG.  1.  Normalized  gap  vs  normalized  pressure.  Pc  is  the  critical  pressure 
where  the  gap  vanishes.  The  data  for  SmB6  are  collected  from  Ref.  11  and 
for  Smo.75Lao.25S  from  Ref.  2.  The  solid  straight  lines  are  a  guide  to  the  eye. 


states  in  the  tails  of  the  density  of  states  due  to  impurities  or 
disorder  and  which  are  responsible  for  the  saturation  of  the 
resistivity  in  the  insulating  phase  may  spoil  this  simple  be¬ 
havior. 

In  conclusion  the  possibility  of  an  excitonic  phase  tran¬ 
sition  in  a  two-band  model  has  been  investigated.  The  domi¬ 
nant  interaction  was  taken  to  be  the  electron-hole  attraction. 
We  argued  that  a  phase  transition  to  an  excitonic  phase  does 
not  occur  within  this  model  in  the  presence  of  hybridization 
since  the  one-body  mixing  term  acts  as  a  conjugate  field  to 
the  order  parameter  of  this  phase.  We  find  however  that  the 
hybridization  is  strongly  renormalized  by  the  presence  of 
excitonic  correlations. 
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From  our  x-ray  (Lm-edge)  absorption  (XAS)  investigations  of  Ce2Ni3Si5,  we  show  that  Ce-valence 
is  temperature  dependent;  it  is  3.07  and  3.11  at  280  and  8  K,  respectively.  We  also  report  on  our 
resistivity  measurements  of  two  related  materials  Ce2-JCRJCNi3Si5  (R=Y,  Gd  and  *  =  0.1).  Absence 
of  any  qualitative  difference  in  the  resistivities  of  these  two  samples  suggests  that  the  enhancement 
of  resistivity  at  low  temperature  on  introduction  of  impurity  atoms  is  due  to  Kondo  hole  scattering 
implying  that  Ce2Ni3Si5  is  a  concentrated  Kondo  system.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)25208-3] 


Cerium  based  compounds  often  exhibit  anomalous 
physical  properties,  such  as  Kondo  behavior,  valence  fluctua¬ 
tion  (VF),  heavy  fermion,  heavy  fermion  superconductivity, 
etc.  The  close  proximity  of  the  cerium  4/-level  w.r.t.  the 
Fermi  level  is  responsible  for  the  origin  of  such  behaviors. 
We  had  shown  earlier  that  Ce  in  Ce2Ni3Si5  is  in  the  VF  state1 
by  resistivity,  magnetic  susceptibility  and  specific  heat  mea¬ 
surements.  As  the  resistivity  shows  a  Kondo  type  behavior  at 
high  temperatures  and  decreases  because  of  onset  of  coher¬ 
ence  at  low  temperature,  it  is  of  interest  to  study  the  effect  of 
magnetic  and  nonmagnetic  impurity  on  the  coherence  effect. 
Here  we  present  the  results  of  our  investigations  on  dilute 
substitution  of  Ce  by  Y  (nonmagnetic)  and  Gd  (magnetic)  in 
Ce2Ni3Si5.  We  also  present  the  results  of  x-ray  absorption 
(Lnredge)  spectroscopic  measurements  which  confirm  the 
VF  behavior  of  Ce  ions  in  this  compound. 

Ce2_*RJCNi3Si5  (R=Y,  Gd;  x  =  0,  0.1)  were  prepared  by 
melting  high  purity  (>99.9%)  constituent  elements  by  stan¬ 
dard  arc  melting  procedure.1  Room  temperature  powder 
x-ray  diffraction  pattern  was  obtained  using  Cu  Ka  radiation 
on  an  x-ray  diffractometer  (JEOL,  Japan).  X-ray  absorption 
studies  at  the  Lm-edge,  for  investigation  of  valence  state  of 
rare  earth  ions,  were  carried  out  at  the  French  synchrotron 
facility,  Laboratoire  pour  V Utilisation  du  Rayonnement  Elec- 
tromagnetique  (LURE)  at  Orsay,  France.  The  details  of  the 
experimental  setup  has  been  given  elsewhere.2 

The  Ljjj-edge  spectra  of  the  material  taken  at  280  K  and 
8  K  (Fig.  1)  show  a  double  edge  structure  as  expected  for  a 
VF  system.  The  two  edges  correspond  to  Ce3+  and  Ce4+ 
states.  In  order  to  determine  the  relative  population  of  the 
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two  valence  states,  the  observed  spectra  were  deconvoluted 
using  the  procedure  given  in  Ref.  3.  The  average  valency  of 
Ce  in  this  compound  thus  deduced  is  3.07  and  3.11  at  280  K 
and  8  K,  respectively.  The  temperature  dependence  of  the 
intensity  of  the  two  edges  confirms  that  the  observed  double 
edge  is  due  to  VF  phenomenon  (and  not  due  to  XANES  or 
impurity  phases)  as,  in  the  case  of  VF,  a  change  of  relative 
population  of  the  two  valence  states  with  temperature  is  ex¬ 
pected.  We  should  point  out  that  x-ray  absorption  spectros¬ 
copy  measurement  underestimates  Ce  valence.  This  is  due  to 


5700  5800 


E  (eV) 

FIG.  1.  X-ray  absorption  spectroscopy  (Lm-edge)  measurement  of 
Ce2Ni3Si5  at  280  and  8  K. 
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Temperature  (K) 

FIG,  2.  Resistivity  of  Ce2Ni3Si5  (solid  line)  as  a  function  of  temperature. 
Dashed  line  represents  the  4/  contribution  of  Ce  to  the  resistivity  obtained 
by  subtracting  the  resistivity  data  of  Y2Ni3Si5  from  the  resistivity  data  of 
Ce2Ni3Si5.  Inset:  Normalized  resistivity  of  Ce2_;cRJCNi3Si5  (R-Y,  Gd;  x=0 , 
0.1).  The  agreement  of  the  resistivity  of  the  three  samples  in  the  high  tem¬ 
perature  region  and  the  resistivity  of  the  substituted  samples  below  —100  K 
is  to  be  noted. 


the  existence  of  a  shake-down  satellite  located  at  the  same 
energy  as  the  main  peak  of  Ce3"1".4 

Resistivity,  p(T ),  of  Ce2Ni3Si5  (Fig.  2)  exhibits  anoma¬ 
lous  behavior: 

(i)  Magnitude  of  p(T)  in  Ce2Ni3Si5  is  rather  high  («*300 
p£l  cm  at  300  K)  than  that  observed  in  Y2Ni3Si5  and 
Gd2Ni3Si5  (~40  p£l  cm  at  300  K). 

(ii)  p(T)  in  Ce2Ni3Si5  is  nearly  temperature  independent 
in  the  interval  100  K  ^7=^300  K. 

This  is  to  be  compared  with  the  temperature  dependence 
of  p(7)  of  nonmagnetic  Y2Ni3Si5  (Ref.  1)  and  magnetic 
Gd2Ni3Si5  (Ref.  5)  which  exhibit  normal  metallic  behavior. 
These  considerations  suggest  that  the  Kondo  scattering 
dominates  the  resistivity  of  Ce2Ni3Si5 .  A  similar  overall  re¬ 
sistivity  behavior  has  been  earlier  observed  in  other  known 
VF  systems,  such  as,  CeRhln,6  CeIr2Si2,7  CePd3.8  p4^(7), 
the  4/-contribution  of  Ce  to  the  resistivity,  obtained  by  sub¬ 
tracting  the  phonon  contribution  (using  the  resistivity  data  of 
Y2Ni3Si5,  considering  both  the  materials  to  have  similar  pho¬ 
non  contributions)  has  a  negative  slope  with  a  broad  maxi¬ 
mum  centered  around  150  K  and  falls  relatively  sharply 
below  100  K.1  Such  a  behavior  is  typical  of  a  concentrated 
Kondo  system.  The  resistivity  drop  observed  at  low  tempera¬ 
tures,  seen  in  other  concentrated  Kondo  systems  also,  has 
been  ascribed  to  the  onset  of  coherence.1,9  In  order  to  obtain 
further  insight  into  the  behavior,  we  investigated  the  effect  of 
impurities  on  the  resistivity  behavior.  For  this  purpose,  we 
substituted  5%  of  Ce  by  Gd  (magnetic)  and  Y  (nonmagnetic) 
ions  in  Ce2Ni3Si5. 

For  comparison,  considering  that  effects  of  dilute  substi¬ 
tution  may  not  affect  resistivity  significantly,  the  resistivity 
data  of  the  substituted  samples  are  plotted  in  inset  of  Fig.  2, 
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normalized  to  room  temperature  value.  From  the  figure  we 
see  that  the  normalized  resistivity  for  all  the  three  sample, 
viz.,  Ce2Ni3Si5,  Ce{  9Y0.iNi3Si5,  and  Cel  9Gd01Ni3Si5,  are 
similar  in  the  temperature  range  70-300  K.  This  is  to  be 
expected  because,  at  high  temperatures,  there  is  no  coherence 
and  the  scattering  due  to  impurity  will  be  negligible  com¬ 
pared  to  scattering  by  Ce  ions.  At  low  temperature  end,  both 
the  Y  and  Gd  doped  samples  show  a  similar  increment  in  the 
resistivity  with  respect  to  undoped  material  which  is  remark¬ 
able  considering  that  Gd  ions  are  magnetic.  That  implies  that 
the  increase  in  resistivity  at  low  temperature  is  due  to  a  com¬ 
mon  effect  in  Ce2_JCYJCNi3Si5  and  Ce2_JCGdxNi3Si5.  A  similar 
behavior  has  also  been  seen  in  the  system  Ce1„^RxPd3 
(R=Y,  Gd).8 

The  absence  of  any  qualitative  difference  in  the  resistiv¬ 
ities  of  the  samples  doped  with  small  concentration  of  a 
magnetic  ion  (Gd)  and  nonmagnetic  ion  (Y),  shows  that  the 
impurity-spin  scattering  does  not  have  much  effect  on  resis¬ 
tivity.  We  understand  this  in  terms  of  Kondo  hole  as  ex¬ 
plained  in  the  case  of  CePd3  (Ref.  10)  where  it  was  shown 
that  coherence  is  destroyed  by  the  creation  of  holes  in  an 
otherwise  regular  Ce  lattice  by  removing  cerium  atoms  and 
substituting  other  atoms  in  their  place.  Such  removed  Ce 
ions  are  called  Kondo  holes.  The  scattering  potential  due  to 
the  impurity  is  small  in  comparison  to  that  of  the  “Kondo 
hole”  term  and,  as  a  result,  the  total  resistivity  at  low  tem¬ 
peratures  is  insensitive  to  the  nature  of  solute.  The  total  re¬ 
sistivity  is  primarily  controlled  by  the  integrity  of  the  cerium 
lattice. 

In  conclusion,  we  have  confirmed  here  the  VF  nature  of 
Ce  in  Ce2Ni3Si5  from  the  temperature  dependence  of  x-ray 
Lm  edge  results.  The  alloying  of  Ce2Ni3Si5,  by  magnetic  Gd 
or  nonmagnetic  Y,  exhibits  a  Kondo  hole  pattern  in  resistiv¬ 
ity  and  strengthens  our  earlier  interpretation  of  Kondo  coher¬ 
ence  in  resistivity  at  low  temperature  in  this  material. 
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SmRuSn3  is  a  unique  compound  among  the  known  Sm-based  valence  fluctuation  (VF)  systems.  Its 
crystallographic  structure  has  two  inequivalent  Sm  sites  and  Sm  ions  at  only  one  of  them  are  in  VF 
state  while  the  Sm  ions  in  the  other  site  orders  magnetically.  Our  119Mossbauer  studies  show  a 
quadrupolar  splitting  at  the  Sn  site,  consistent  with  the  noncubic  symmetry  of  the  Sn  site.  A 
broadening  of  the  Mossbauer  spectrum  is  seen  due  to  magnetic  ordering  of  the  material.  The 
transferred  hyperfine  field  at  Sn  site  at  4.2  K  is  small.  ©  1996  American  Institute  of  Physics. 

[S002 1  -8979(96)25308-X] 


SmRuSn3  was  reported  to  be  the  first  ternary  Sm-based 
valence  fluctuating  (VF)  compound.1  This  compound  forms 
in  the  cubic  (space  group  Pm3n)  crystal  structure.  Sm  ions 
occupy  two  distinct  crystallographically  inequivalent  sites, 
i.e.,  2a(0,0,0)  and  From  the  lattice  constant, 

transport  and  magnetic  properties  measurements,  Fukuhara 
et  al}  concluded  that  all  Sm  ions  are  in  VF  state.  They  also 
showed  that  SmRuSn3  undergoes  a  magnetic  transition  at 
6  K.  Simultaneous  occurrence  of  VF  and  magnetic  ordering 
is  noteworthy  as  this  is  the  only  Sm  based  material  exhibit¬ 
ing  this  behavior.  Only  two  Sm-based  compounds  (both  bi¬ 
nary),  SmS  (Ref.  3)  and  SmB6,4  are  known  to  exhibit  VF 
phenomena  and  they  do  not  order  magnetically.  In  view  of 
this  unusual  behavior,  we  reinvestigated5  the  physical  prop¬ 
erties  of  SmRuSn3.  Our  magnetic,  specific  heat  and  Lm  edge 
results  of  SmRuSn3  established  the  mixed  valence  nature  of 
Sm  in  this  system.  Here  we  briefly  highlight  our  earlier  work 
to  emphasize  the  uniqueness  of  the  system  and  present  the 
results  of  our  investigations  of  119Sn  Mossbauer  spectros¬ 
copy  in  this  system. 

Details  of  sample  preparation  of  SmRuSn3  are  given 
elsewhere.5  The  lattice  parameter,  a ,  of  our  sample  of 
SmRuSn3  is  9,666  A5  implying  that  the  valence  state  of  Sm 
ions  does  not  differ  significantly  from  3  +  .  We  may  point  out 
that  Fukuhara  et  al  reported  a  value  of  a(=9.73  A)1  which 
deviates  from  the  lanthanide  contraction  expected  for  Sm3+. 
Electron  microprobe  analysis  showed  that  our  sample  is 
largely  homogeneous  having  a  composition  Sm0  98RuSn3 10 
(normalized  to  Ru).  Small  inclusions  (^50  fim2),  of  Sn 


a)Present  address:  Solid  State  Physics  Group,  Tata  Institute  of  Fundamental 
Research,  Bombay  400  005,  India. 


metal  and  some  inclusions  of  composition  SmRu  were  ob¬ 
served  occasionally. 

Our  magnetic  susceptibility  data  show  a  cusp  around  6  K 
(inset  Fig.  1),  which  indicate  antiferromagnetic  ordering  of 
the  material.  Since  only  Sm3+  ions  carry  a  magnetic  mo¬ 
ment,  the  magnetic  order  must  be  due  to  Sm3+  ions.  The 
magnetic  susceptibility  (Fig.  1)  at  room  temperature  is  larger 
than  what  one  would  expect  for  a  Sm3+  material.  Our  theo¬ 
retical  calculations6  showed  that  the  observed  susceptibility 
cannot  be  accounted  by  mixing  of  excited  state  and/or  crystal 
field  contributions.  We  could  account  for  the  observed  room 
temperature  susceptibility  (also  taking  into  account  the  tem¬ 
perature  independent  van  Vleck  susceptibility)  if  about  14% 
of  Sm  ions  are  in  divalent  state  (Fig.  1).  We  note  here  that 


^  0  50  100  150  200  250  300 

Temperature  (K) 

FIG.  1.  Temperature  dependence  of  dc  magnetic  susceptibility  (O)  of 
SmRuSn3  (corrected  w.r.t.  dc  magnetic  susceptibility  data  of  LaRuSn3). 
Short  dashed  lines  are  the  calculated  susceptibility  for  free  Sm3+  and 
Sm2+  ions.  Long  dashed  line  represents  the  susceptibility, 
(1  —  jt)x(Sm3+)+x*(Sm2+),  with  having  a  value  0.14.  Inset  shows  the 
expanded  region  near  the  magnetic  ordering  temperature. 
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FIG.  2.  Specific  heat  of  SmRuSn3  (O)  and  LaRuSn3  (•).  Solid  line  is  the 
calculated  magnetic  entropy  for  SmRuSn3  (obtained  by  subtracting  specific 
heat  data  of  LaRuSn3  from  that  of  SmRuSn3).  R  is  the  molar  gas  constant. 


though  Sm2+  ions  in  the  ground  state  do  not  carry  a  magnetic 
moment,  it  has  a  relatively  large  susceptibility  due  to  mixing 
of  low  lying  excited  state.  Thus,  susceptibility  data  indicate 
mixed  valence  behavior  of  Sm  ions  in  the  material. 

A  quantitative  estimate  of  the  Sm  ions  taking  part  in 
magnetic  order  was  obtained  from  magnetic  entropy  esti¬ 
mated  from  specific  heat  measurements  on  SmRuSn3 .5  Spe¬ 
cific  heat  measurements  confirmed  the  magnetic  ordering 
around  6  K  (Fig.  2).  The  presence  of  strong  crystal  field 
effects  is  evident  from  the  specific  heat  data  of  SmRuSn3 .  If 
all  the  Sm  ions  would  have  contributed  to  the  magnetic  en¬ 
tropy,  at  the  magnetic  transition  temperature,  one  would  ex¬ 
pect  a  minimum  magnetic  entropy  of  R  In  2  (^0.693/?)  as 
observed  for  a  material  having  a  crystal  field  doublet  ground 
state.  The  magnetic  entropy  at  the  ordering  temperature  is 
much  lower  (—0.5 R  at  6  K)  and  can  be  accounted  for  prop¬ 
erly,  if  one  assumes  that  only  the  Sm  ions  at  the  6d  crystal 
site  (having  a  crystal  field  doublet  ground  state)  contribute 
toward  magnetism,  resulting  a  total  minimum  magnetic  en¬ 
tropy  of  (3/4)R  In  2  at  the  magnetic  transition  temperature, 
which  matches  very  well  with  the  experimental  observation. 
The  Sm  ions  at  2  a  site  is  nonmagnetic  or  weakly  magnetic 
and  hence  do  not  contribute  toward  magnetic  entropy.  The 
specific  heat  results  in  conjunction  with  the  magnetic  suscep¬ 
tibility  results  can  be  consistently  interpreted  if  Sm  ions  at 
6d  sites  are  in  stable  tri valent  state  and  those  at  2  a  sites  are 
not  in  stable  divalent  state  but  are  in  VF  state  with  an  aver¬ 
age  valency  of  —2.6  at  room  temperature,  making  the  mate¬ 
rial  a  unique  one  in  the  field  of  VF. 

Our  x-ray  absorption  (Lm  edge)  spectroscopic  measure¬ 
ments  on  SmRuSn37  exhibited  a  temperature  dependent  bi- 
modal  structure  which  confirm  that  some  of  the  Sm  ions  in 
the  material  are  in  VF  state  with  the  average  valence  varying 
from  2.88  at  10  K  to  2.91  at  300  K.  This  total  average  va¬ 
lence  is  consistent  with  the  above  distribution  of  the  valence 
of  Sm  at  the  two  sites  of  the  material. 

Mossbauer  spectroscopy,  with  a  probing  time  of  ^10-8  s 
(which  is  slower  than  the  usually  encountered  fluctuation 
time  ^10“13  s)  is  a  complementary  technique  with  respect  to 
Lm  edge  absorption  spectroscopy  (probing  time  ^10-16  s)  in 
the  investigation  of  valence  fluctuation  phenomenon.  This 
fact  has  been  successfully  utilized  in  the  case  of  Eu-based 
VF  systems  using  151Eu  Mossbauer  spectroscopy.8  Although, 
fluctuation  effects  primarily  take  place  at  the  rare  earth  site, 


FIG.  3.  1,9Sn  Mossbauer  spectroscopic  result  on  SmRuSn3  at  different  tem¬ 
peratures.  The  solid  lines  are  fit  to  experimental  data. 


119Sn  Mossbauer  spectroscopy  has  been  fruitfully  used  in  the 
investigation  of  certain  VF  systems.9"11  One  can  also  obtain 
information  on  magnetic  ordering  of  Sm  ions  through  trans¬ 
ferred  hyperfine  interactions  at  the  Sn  site.  Mossbauer  spec¬ 
tra  of  SmRuSn3  were  taken  against  a  119Sn  source  in  CaSn03 
matrix  in  the  temperature  range  4.2-300  K.  A  conventional 
constant  acceleration-type  spectrometer  in  conjunction  with 
a  home  built  multiscaler  analyzer  was  used  in  the  studies. 
Measurements  were  made  with  absorbers  of  different  thick¬ 
ness  (12  mg/cm2  and  30  mg/cm2)  to  estimate  thickness 
broadening  effects  in  the  line  width  of  the  resonance. 

Figure  3  shows  the  119Sn  Mossbauer  spectra  on 
SmRuSn3  at  different  temperatures.  The  spectrum  at  all  tem¬ 
peratures  is  a  doublet  but  the  intensities  of  the  two  compo¬ 
nents  are  not  equal.  Since  there  is  only  one  crystallographic 
site,  24 k,  for  Sn  in  this  compound,  a  doublet  structure  would 
primarily  arise  from  quadrupole  interaction  from  the  pres¬ 
ence  of  electric  field  gradient  at  the  Sn  site.  Furthermore,  for 
the  same  reason,  the  asymmetry  of  intensity  in  the  doublet 
cannot  originate  from  different  Sn  environments.  One  may 
consider  the  possibility  of  attributing  the  asymmetry  to  fluc¬ 
tuation  effects.  However,  a  careful  analysis  of  the  spectra 
reveals  that  the  position  of  the  more  intense  peak  of  this 
doublet  is  very  close  to  that  of  pure  Sn-metal.  It  should  be 
noted  here,  as  mentioned  earlier,  the  electron  microprobe 
measurements  on  SmRuSn3  reveals  a  few  small  inclusions  of 
Sn  metal  in  our  sample  of  SmRuSn3.  Considering  this,  we 
explain  the  spectrum  in  terms  of  a  superposition  of  a  doublet, 
arising  out  of  the  non-cubic  site  symmetry  of  Sn  site,  and  a 
single  line  of  small  intensity  due  to  Sn  metal. 

We  have  analyzed  our  spectra  in  terms  of  a  singlet  due  to 
Sn  metal  [(fixed  isomer  shift  (IS)  (2.5  mm/s  w.r.t.  CaSn03) 
and  fixed  width  (1.2  mm/s)]  and  a  quadrupole  doublet  due  to 
SmRuSn3.  The  fit  yields  the  IS  as  2.15  mm/s  (w.r.t.  CaSn03), 
e2Qq!2  (where  e  is  the  electronic  charge,  Q  is  the  nuclear 
quadrupole  moment,  and  eq  is  the  electric  field  gradient 
along  the  principle  axis)  as  1.75  mm/s  and  width  of  each  line 
as  1.5  mm/s  for  the  Sn-Mossbauer  spectra  of  SmRuSn3.  The 
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result  is  essentially  temperature  independent  above  the  mag¬ 
netic  ordering  temperature.  At  4.2  K,  a  small  broadening  of 
119Sn  Mossbauer  line  indicates  the  magnetic  ordering  taking 
place  in  this  compound.  However,  the  transferred  hyperfine 
field,  measured  at  4.2  K,  at  the  Sn  site  is  very  small.  Apart 
from  the  antiferromagnetic  nature  of  the  ordering,  the  mea¬ 
surement  temperature  (4.2  K)  being  very  close  to  magnetic 
ordering  temperature  (6  K)  may  also  be  one  of  the  reasons 
responsible  for  the  small  transferred  hyperfine  field.  Sm-ions 
at  2a  sites,  being  in  non  ordered  state,  do  not  contribute  to 
the  transferred  field.  Investigations,  such  as  elastic  neutron 
scattering,  will  be  useful  to  understand  the  detailed  magnetic 
structure. 

To  conclude,  specific  heat  and  magnetic  susceptibility 
measurements  on  SmRuSn3  suggest  that  Sm  ions  in  2a  crys¬ 
tallographic  site  are  valence  fluctuating,  while  Sm  ions  in  6 d 
crystallographic  site  order  antiferromagnetically.  The  valence 
fluctuating  behavior  of  Sm  ions  in  is  confirmed  by  Lm-edge 
spectroscopic  measurements.  119Sn  Mossbauer  spectroscopy 
results  on  SmRuSn3  exhibit  a  temperature  independent  iso¬ 
mer  shift  and  electric  field  gradient  (arising  due  to  noncubic 
site-symmetry).  The  asymmetry  that  we  observe  is  not  likely 
to  be  due  to  VF.  The  transferred  hyperfine  field  at  Sn  site  is 
small  at  4.2  K. 
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The  effect  of  the  substitution  of  Ni  by  Cu  on  the  CeNi  compound  is  analyzed  by  means  of 
susceptibility,  magnetization,  and  magnetoresistance  measurements  on  the  pseudobinary 
CeNi0  4Cu0  6  compound.  Down  to  2  K,  the  lowest  investigated  temperature,  the  compound  does  not 
present  any  magnetic  order,  but  magnetic  measurements  suggest  an  ordering  temperature  ( Tc )  not 
far  below  2  K.  Magnetization  and  magnetoresistance  data  show  an  important  Kondo  interaction 
leading  to  a  Kondo  temperature  ( TK )  higher  than  Tc.  The  results  are  discussed  considering  the 
Kondo,  magnetic  exchange,  and  crystalline  electric  field  interactions.  ©  1996  American  Institute 
of  Physics.  [S0021-8979(96)25408-6] 


Cerium  ions  in  a  metallic  environment  give  rise  to  great 
variety  of  fascinating  many  body  effects  (intermediate  va¬ 
lence,  heavy  fermions  or  Kondo-type  behavior).  Among  all 
the  different  Ce  compounds  showing  these  phenomena, 
CeNi^Pt^^  alloys  and  their  dilutions  with  yttrium  and 
lanthanum,1-4  illustrate  quite  well  these  different  behaviors. 
In  particular  the  physical  properties  of  this  system  are  well 
understood  from  simple  ideas  concerning  Kondo  lattice  mod¬ 
els  with  “volume  effects”  playing  an  important  role.  Re¬ 
cently,  the  specific  heat  of  these  compounds4  have  been  in¬ 
terpreted  using  a  resonant  level  model,  developed  in  Ref.  5, 
which  accounts  for  the  reduction  of  the  jump  of  the  X-type 
anomaly  at  the  Curie  temperature  in  the  specific  heat  when 
the  4/-conduction  band  hybridization  increases. 

CeNi  is  a  well  known  intermediate  valence  compound 
characterized  by  an  enhanced  Pauli  paramagnetism.6  Taking 
this  composition  as  a  starting  point,  the  substitution  of  Ni  by 
Cu  will  allow  us  to  investigate  the  role  of  conduction  elec¬ 
trons  in  the  anomalous  properties  of  these  cerium  com¬ 
pounds,  because  the  volume  effects  are  expected  to  be  less 
important.  Furthermore,  the  dilution  with  Cu  have  been 
proved  to  be  particularly  attractive,  specially  in  other 
RNiyCui-*  pseudobinary  compounds.7,8  Two  aspects  must 
be  stressed  in  these  systems:  On  the  one  hand,  the  crystalline 
structure  evolves  from  a  CrB  type  one  (Cmcm  space  group) 
for  Ni  rich  compounds  to  a  FeB  type  one  (Pnma  space 
group)  for  largest  Cu  contents,  and  on  the  other  hand,  from 
the  magnetic  point  of  view,  the  introduction  of  Cu  yields  a 
change  from  ferromagnetism  to  antiferromagnetism  which 
takes  place  around  x  =  0.85  for  the  NdNij^Cu^ 
compounds.8  Supporting  this  evolution,  previous  results  on 
CeCu9  report  a  FeB  type  structure  and  an  antiferromagnetic 
behavior  (7^=3.!  K)  for  this  compound.  In  the  actual  study 
we  present  a  first  survey  of  the  physical  properties  of  the  new 
pseudobinary  CeNi0  4Cu0  6  compound  which  is  a  characteris¬ 
tic  representative  of  the  CeNi^Cu^  series.  The  obtained 
results  are  discussed  under  the  scope  of  the  main  mecha¬ 
nisms  of  Ce  compounds,  namely  Kondo,  RKKY  exchange, 
and  crystalline  electric  field  (CEF)  interactions. 

Polycrystalline  CeNi04Cu06  sample  has  been  prepared 


a)On  leave  from  Inst,  of  Exp.  Physics,  04353  Kosice,  Slovakia. 


from  stoichiometric  amounts  of  elements  using  high  fre¬ 
quency  melting  under  protective  argon  atmosphere.  The 
phase  purity  of  the  sample  has  been  proved  from  x-ray  dif¬ 
fraction  (Cu  Ka  radiation)  and  its  temperature  evolution  has 
been  followed  with  neutron  diffraction  down  to  2  K.  As  ex¬ 
pected  from  the  previous  RNi^^Cu^.  studies,7,8  the  com¬ 
pound  crystallizes  in  the  FeB  (Pnma)  orthorhombic  structure. 
The  cell  parameters  at  300  K  are  a  =  7.349(2)  A, 
b  —  4.493(1)  A,  and  c  =  5.648(1)  A.  This  structure  remains 
down  to  the  lowest  studied  temperature.  The  relative  volume 
variation  from  300  to  2  K  is  A  VfV  is  around  0.2%.  No  trace 
of  magnetic  intensities  was  observed  in  the  2  K  neutron  dif¬ 
fraction  pattern.  On  the  other  hand,  it  is  worth  mentioning 
that  the  volume  changes  due  to  dilutions  with  Cu  are  much 
smaller  than  those  coming  from  dilutions  with  Pt. 

The  magnetic  and  magnetoresistivity  measurements 
have  been  performed  at  the  Laboratorio  de  Fisica  de  la 
Materia  Condensada  of  the  Universidad  de  Cantabria  using  a 
PPMS  (Quantum  Design)  device.  Figure  I  shows  the  tem¬ 
perature  dependence  of  the  magnetic  reciprocal  susceptibility 
X~x{T)  for  CeNi04Cu06.  A  Curie- Weiss  behavior  is  ob¬ 
served  at  temperature  higher  than  30  K,  giving  rise  to  an 
effective  paramagnetic  moment  of  pbQn—2.\pbB,  streakingly 
small  compared  with  the  yu,eff=  2.5A jjtB  of  the  free  Ce3+  ions. 


FIG.  1.  Temperature  dependence  of  the  inverse  magnetic  susceptibility 
for  CeNi04Cu0  6.  The  inset  shows  the  Arrott  plots  ( M 2  vs  HIM)  at  different 
temperatures. 
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FIG.  2.  Isothermal  magnetization  curves  for  CeNi04Cu06  at  low  tempera¬ 
tures. 

The  extrapolation  toward  0  K  of  *_1  vs  T  leads  to  a  negative 
paramagnetic  Curie  temperature  ( 6p )  close  to  — 10  K. 

The  Arrot  plots  at  low  temperature  (inset  Fig.  1)  confirm 
the  absence  of  magnetic  order  down  to  2  K.  However  the 
extrapolation  of  the  H/M  values  vs  T  indicates  a  possible 
magnetic  order  about  1  K,  lower  than  the  minimum  tempera¬ 
ture  experimentally  available  in  our  device.  The  isothermal 
magnetization  curves  up  to  80  kOe,  depicted  in  Fig.  2,  are 
characteristic  of  a  paramagnetic  behavior  at  all  the  investi¬ 
gated  temperatures,  although  the  magnetization  at  80  kOe 
and  2  K  reach  0.86/^/Ce,  which  is  a  similar  value  than  that 
observed  in  the  CePt  ferromagnetic  compound.1  This  pro¬ 
vides  another  indication  that  the  magnetic  order  is  not  far 
below  2  K. 

Figure  3  shows  the  temperature  dependent  electrical  re¬ 
sistivity  ,p(  T)  of  CeNi0  4Cu0.6  at  various  values  of  the  mag¬ 
netic  field,  which  has  been  applied  parallelly  to  the  electrical 
current  direction.  Qualitative  changes  in  the  temperature  de¬ 
pendence  of  p  are  observed  under  magnetic  field:  The  zero 
field  resistivity  p(H~  0)  has  a  maximum  around  4  K  and  a 
shallow  minimum  centered  around  15  K,  and  both  of  them 
disappear  when  the  applied  magnetic  field  increases.  These 
features  are  usually  found  in  Kondo  lattice  compounds  but  in 
CeNi0.4Cu06  the  maximum  in  p(H= 0)  does  not  correspond 

to  the  ordering  temperature  as  occurs  in  the  CeNi^Ptj-* 
1-3 

senes. 


FIG.  3.  Temperature  dependence  of  the  electrical  resistivity  for  CeNi04Cu06 
at  various  applied  magnetic  fields. 
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FIG.  4.  Field  dependence  of  the  magnetoresistivity  for  CeNi0  4Cu0  6  up  to  70 
kOe  at  different  fixed  temperatures. 


The  magnetoresistivity,  A  plp=[p(H,T)  -  p(  0,7")]/ 
p(0,T)  of  CeNi04Cu0  6  as  a  function  of  the  magnetic  field  is 
presented  in  Fig.  4  at  different  temperatures.  This  magnetore¬ 
sistivity  is  always  negative  and  decreases  with  the  increasing 
magnetic  field.  Furthermore,  it  is  worth  noting  that  in  the 
0-30  kOe  range,  the  A  p/p  curves  at  8  and  4.5  K  have  nega¬ 
tive  curvature  while  at  2  K  in  the  same  range  of  magnetic 
field  the  curvature  is  positive.  At  2  K  and  70  kOe  A  p/p  is 
18%,  this  value  is  quite  large  and  close  to  that  of 
CeNi^Pt!-.*,10  although  this  comparison  must  be  taken  with 
caution  due  to  the  influence  of  the  residual  resistivity.  In  Fig. 
5  A  p/p  is  represented  as  a  function  of  the  temperature  for 
H=10  kOe.  From  30  K,  when  the  temperature  decreases 
A  p/p  becomes  negative  and  monotonically  decreases.  How¬ 
ever,  at  low  temperatures  this  variation  suddenly  reaches  the 
saturation  showing  a  plateau  down  to  2  K. 

From  the  present  results,  it  is  clear  that  CeNi04Cu06 
does  not  show  magnetic  order  down  to  2  K,  however  some 
trends  suggest  the  existence  of  an  ordering  temperature  not 
far  below  this  temperature.  From  the  shape  of  the  magneti¬ 
zation  curves  a  ferromagnetic  order  could  be  expected  at 
lower  temperatures.  As  CeCu  has  been  reported  as  an 
antiferromagnet,9  then  the  change  from  ferromagnetism  to 
antiferromagnetism  observed  in  the  other  RNi^Cu* 
compounds7,8  has  not  taken  place  in  the  Ce  based  com- 


FIG.  5.  Temperature  dependence  of  the  magnetoresistivity  for  CeNi0.4Cu06 
corresponding  to  a  70  kOe  applied  magnetic  field. 
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pounds  at  x  =  0.6.  On  the  other  hand,  the  strongly  reduced 
magnetic  moment  at  80  kOe  and  2  K  (0.86^5/Ce)  and  the 
negative  value  of  dp—  —  10  K  are  clear  indications  of  the 
existence  of  a  Kondo  interaction  which  seems  to  be  larger 
than  the  exchange  interactions  ( TK>TC ).  This  Kondo  be¬ 
havior  is  also  revealed  by  the  electrical  resistivity  measure¬ 
ments.  The  crystalline  electric  field  yields  three  doublets  for 
these  low  symmetry  orthorhombic  structures  and  then  the 
maximum  observed  at  4  K  is  related  to  the  pseudo-Schottky 
anomaly  coming  from  the  splitting  of  the  doublet  ground- 
state  due  to  Kondo  interaction.  At  temperatures  just  above 
the  maximum  a  —In  T  law  is  found.  The  maximum  disap¬ 
pears  with  the  applied  magnetic  field  according  to  the  calcu¬ 
lations  from  Lassailly  et  aln  for  a  doublet  groundstate.  The 
fact  that  the  maximum  in  p(T)  does  not  correspond  to  the 
ordering  temperature  as  occurs  in  other  Kondo  compounds,1 
is  commonly  observed  in  systems  where  TK  is  greater  than 
Tc ,  such  as  CePd2Si.12  In  other  cases  in  which  a  well  defined 
maximum  in  p(T)  exists,  such  as  CeCu6,13  it  can  disappear 
with  dilutions  [e.g.,  Ce^u^AuJg14]  as  a  consequence  of 
the  destruction  of  Kondo  lattice  coherence,  but  this  seems 
not  to  be  the  main  mechanism  in  our  compound,  in  which  Ni 
and  Cu  share  the  same  crystallographic  site. 

The  magnetoresistance  variations  reflect  the  competition 
between  Kondo  and  exchange  interactions,  and  the  observed 
change  in  the  curvature  (see  Fig.  4)  should  be  a  consequence 
of  the  greater  importance  of  exchange  at  low  temperatures 
according  to  the  calculations  of  Reference  15.  From  Fig.  5, 
we  see  no  clear  minimum  in  the  A  pip  vs  T  variation;  some 
theories13,16  predict  the  existence  of  a  minimum  correspond¬ 
ing  to  Tk  .  However,  these  theories  do  not  consider  the  ex¬ 
istence  of  the  molecular  field  as  occurs  in  our  case. 


All  these  features  indicate  that  the  dilution  with  copper 
introduces  new  interesting  aspects  in  this  low  symmetry  sys¬ 
tem.  Then,  the  present  results  encourage  us  to  complete  the 
study  of  the  magnetic  properties  of  CeNij-^Cu*  compounds 
in  order  to  understand  the  exciting  changes  of  the  Ce  4/ 
electron  properties  along  this  series. 

This  work  was  supported  by  Spanish  CICYT  (Grant 
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Accurate  measurements  of  the  electrical  resistivity  ( p,dp/dT )  and  of  the  thermoelectric  power 
(S,dS/dT)  were  performed  in  the  ternary  compounds  U2Ni2In  and  Nd2Ni2Sn  from  4  K  to  250  K, 
and  the  results  are  compared  with  those  previously  obtained  in  U2Ni2Sn.  The  pair  U2Ni2In/U2Ni2Sn 
enables  us  to  study  the  influence  of  the  p -electron  character  (and  other  band  effects  related  to  the 
elements  In/Sn)  on  the  transport  properties,  whereas  the  pair  Nd2Ni2Sn/U2Ni2Sn  provides  direct 
information  on  the  role  played  by  the  4//5/  electrons.  All  these  compounds  order  initially  in  the 
antiferromagnetic  state,  exhibiting  a  characteristic  minimum  in  dpIdT  at  TN.  In  the  U2Ni2In 
compound  a  drastic  reduction  is  observed  in  p(T)  slightly  below  TNj  suggesting  the  coexistence  of 
the  antiferromagnetic  state  with  a  coherent  Kondo  effect  when  7^0.8  TN.  In  Nd2Ni2Sn  we  observe 
two  distinct  phase  transitions  below  TN,  of  first-order  character  and  likely  associated  with 
order-order  magnetic  transitions.  The  anomalous  behavior  of  p(7)  in  the  paramagnetic  phase  of  the 
Nd2Ni2Sn  compound  can  be  satisfactorily  described  in  terms  of  crystal  field  effects  associated  with 
the  4/-electron  levels.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)25608-9] 


I.  INTRODUCTION 

We  have  shown  recently  that  the  tetragonal  stannide 
U2Ni2Sn  orders  antiferromanetically  at  7^=25  K,  exhibiting 
a  cusp  in  the  magnetic  susceptibility  (x)  and  characteristic 
minima  in  the  temperature  derivatives  of  the  electrical  resis¬ 
tivity  ( pfdT )  and  thermopower  (dS/dT)}  By  substituting 
the  Sn  element  by  In  one  can  appreciably  change  the  elec¬ 
tronic  band  structure,  since  Sn  has  an  extra  valence  electron 
and  a  smaller  atomic  diameter.  In  particular  one  expects  sig¬ 
nificant  differences  in  the  degree  of  hybridization  of  the  ura¬ 
nium  5/  electron  states  with  the  s-p-d  electron  states  from 
the  transition  metal  and  the  s-p  states  from  Sn  or  In.  Impor¬ 
tant  changes  may  then  occur  in  the  transport  and  magnetic 
properties,  reflecting  in  particular  the  influence  of  the  transi¬ 
tion  metal  d-states  on  the  magnetic  behavior  of  uranium. 

The  role  played  by  the  5//4/  substitution  is  here  ana¬ 
lyzed  with  a  comparison  of  the  behavior  of  the  transport 
properties  in  U2Ni2Sn  and  Nd2Ni2Sn,  using  experimental  re¬ 
sults  on  the  electrical  resistivity  (p)  and  thermopower  ( S )  in 
the  temperature  range  from  3.7  to  300  K. 

Both  compounds  exhibit  antiferromagnetism,  enabling 
us  to  investigate  the  possible  coexistence  of  this  magnetic 
phase  with  a  heavy  fermion  state  at  sufficiently  low  tempera¬ 
tures,  as  recently  observed  in  some  compounds  of  the  same 
series.2 


II.  RESULTS  AND  DISCUSSION 

All  the  polycrystalline  buttons  were  prepared  by  rf  levi¬ 
tation  melting  followed  by  annealling  at  800  °C  for  one  week 
in  evacuated  quartz  tubes  X-ray  powder  diffraction  showed  a 
single  phase  tetragonal  ordered  structure  derived  from  the 
U3Si2  type  structure.  Paralelipipedic  samples  were  subse¬ 
quently  cut  with  a  spark  machine,  for  the  transport  measure¬ 
ments. 


A.  U2Ni2ln  versus  U2Ni2Sn 

The  temperature  dependence  of  the  electrical  resistivity 
of  U2Ni2In  and  U2Ni2Sn  is  shown  in  Fig.  1  for  the  tempera¬ 
ture  range  4-250  K.  A  high  concentration  of  internal  cracks 
in  these  samples  hampered  the  accurate  determination  of  the 
appropriate  geometrical  factors,  so  only  relative  values  of 
resistivity  are  displayed. 

The  U2Ni2Sn  and  U2Ni2In  compounds  order  antiferro- 
magnetically  at  TN-25  K  and  7^=14  K,  respectively,  ex¬ 
hibiting  the  characteristic  minimum  in  dpfdT  at  the  transi¬ 
tion  point,  as  shown  in  the  inset  of  Fig.  1.  The  lower  value  of 
Tn  for  U2Ni2In  indicates  a  stronger  delocalization  of  the  5/ 
states  in  this  compound.  This  seems  to  be  a  general  feature  of 
the  In  compounds  of  2:2:1  type  relative  to  their  Sn 
counterparts.3 

In  the  paramagnetic  phase  p{T)  in  U2Ni2In  reveals  a 
pronounced  increase  over  a  wide  temperature  range,  with  a 
progressive  reduction  in  the  curvature  towards  saturation 
above  —200  K.  This  later  behavior  contrasts  with  that  ob- 


FIG.  1.  Temperature  dependence  of  the  electrical  resistivity  ( p )  of  U2Ni2In 
and  U2Ni2Sn  in  the  range  4-250  K. 
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FIG.  2.  Temperature  dependence  of  thermopower  ( S )  of  U2Ni2Sn  and 
U2Ni2In  in  the  range  4-250  K.  In  inset  is  shown  the  temperature  depen¬ 
dence  of  dSIdT  at  low  temperatures. 


served  in  U2Ni2Sn,1  where  p  exhibits  a  linear  increase  with  T 
at  sufficiently  high  temperatures. 

The  onset  of  the  antiferromagnetic  order  also  produces  a 
much  sharper  increase  in  the  electrical  resistivity  of  U2Ni2In 
(just  below  Tn)  than  in  U2Ni2Sn,  suggesting  in  both  cases 
the  existence  of  superzone  gap  effects  associated  with  the 
antiferromagnetic  periodicity.4 

Below  about  10  K  the  resistivity  of  U2Ni2In  decreases 
very  sharply  compared  with  the  usual  trend  observed  in  the 
cooperative  phase  due  to  the  progressive  ordering  of  the 
magnetic  moments.5  The  enhanced  reduction  of  p(T)  in 
U2Ni2In  can  be  explained  by  the  rapid  decrease  in  the  Kondo 
scattering  in  the  cooperative  state.6  The  same  behavior  is  also 
observed  in  U2Ni2Sn,  but  with  a  smaller  slope,  which  is  con¬ 
sistent  with  the  smaller  Sommerfeld  coefficient  of  the  elec¬ 
tronic  specific  heat,  y=200  mJ/mol  K2  for  U2Ni2In  and 
y=  172  mJ/mol  K2  for  U2Ni2Sn.3 

The  thermoelectric  power  of  U2Ni2In  (shown  in  Fig.  2) 
is  negative  over  the  whole  temperature  range  and  exhibits  a 
negative  minimum  near  55  K  where  S~  -7  pN  K-1.  For 
U2Ni2Sn  a  pronounced  minima  is  also  observed,  but  at  a 
much  lower  temperature,  8  K,  where  S~  -12  /zVK-1. 
Minima  in  the  S(T)  curves  have  been  reported  for  heavy 
fermion  systems  like  U2Co3,  CeCu2Si2  and  CeAl3  (at  T—7, 
20,  and  4  K,  respectively),  and  explained  within  the  spin 
fluctuation  resonance  model.7,10 

The  onset  of  the  magnetic  ordering  in  U2Ni2Sn  is  clearly 
associated  with  the  upturn  in  S(T)  near  TN~25  K  (Fig.  2) 
and  with  the  sharp  minimum  in  dSIdT  (inset  of  Fig.  2;  again 
suggesting  the  existence  of  a  superzone  gap  effect  below 
Tn).  As  the  magnetic  transition  in  U2Ni2In  occurs  in  a  tem¬ 
perature  range  where  the  thermopower  exhibits  a  rapid  de¬ 
crease  with  increasing  temperature,  it  is  not  clearly  detected 
in  S(T)  but  only  in  dSIdT ,  through  a  broad  minimum  near 
Tn  (inset  of  Fig.  2).  This  indicates  the  presence  of  a  back¬ 
ground  thermopower  contribution  with  a  pronounced  tem¬ 
perature  variation  but  hardly  affected  by  the  magnetic  tran¬ 
sition. 

In  the  paramagnetic  phase  and  in  the  temperature  range 
investigated  we  observe  higher  thermopower  absolute  values 
in  U2Ni2In  than  in  U2Ni2Sn,  which  may  be  due  to  a  steeper 


FIG.  3.  Resistivity  versus  temperature  for  Nd2Ni2Sn  and  its  temperature 
derivative  in  the  inset. 


energy  dependence  of  the  density  states  near  EF  in 
U2Ni2In2,11  or  to  enhanced  crystal  field  effects. 

B.  Nd2Ni2Sn  versus  U2Ni2Sn 

Figure  3  shows  the  experimental  curves  of  p(T)  and  dp! 
dT  for  the  Nd2Ni2Sn  compound.  The  temperature  depen¬ 
dence  of  dpfdT  (inset  Fig.  3)  clearly  shows  the  existence  of 
three  magnetic  transitions.  The  initial  antiferromagnetic  or¬ 
dering  occurs  at  TN=  19.5  K,  as  revealed  by  the  minimum 
observed  in  dpfdT .  At  T=17.5  K  a  small  discontinuity  is 
seen  in  p(T),  with  a  shaip  positive  peak  in  dpfdT ,  indicating 
a  1st  order  phase  transition.  At  7^12  K  we  observe  a  posi¬ 
tive  peak  in  dpfdT ,  approximately  symmetric  as  usually  oc¬ 
curs  in  order-order  phase  transitions.  The  physical  origins  of 
the  underlying  magnetic  changes  are  however  still  unknown. 

In  the  paramagnetic  phase  the  electrical  resistivity  of 
Nd2Ni2Sn  (Fig.  3)  is  anomalous,  showing  a  pronounced  rise 
which  persists  up  to  150  K  (Ap=40  pTl  cm),  where  the  usual 
linear  increase  takes  over,  due  to  a  dominant  electron  phonon 
scattering.  We  associate  the  extra  contribution  up  to  150  K 
with  a  crystal  field  effect  in  Nd2Ni2Sn.  Not  knowing  the 
exact  4/-levels  scheme,  we  use  a  single  spacing  (S)  crystal 
field  model  for  an  order  of  magnitude  estimate,12 


FIG.  4.  Theoretical  curve  (— )  and  experimental  values  (•)  of  the  tempera¬ 
ture  dependence  of  the  electrical  resistivity  after  subtracting  the  residual, 
phonon  and  spin  disorder  resistivity. 
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FIG.  5.  Temperature  dependence  of  the  thermopower  5  for  Nd2Ni2Sn. 

1 

Pcf( T)  =  Pcf(°° )  ch2(S/2KT)  ' 

A  least  square  fit  gives  Pcf(°°)=4 3  pXl  and  <5=130  K,  pro¬ 
viding  a  good  description  of  the  experimental  data  up  to  220 
K,  as  shown  in  Fig.  4. 

Figure  5  gives  the  S  versus  T  dependence  for  Nd2Ni2Sn, 
exhibiting  a  double-peak  structure  as  usually  observed  in 
heavy  fermion  materials.  The  maximum  at  T=  150  K  is  again 
attributed  to  the  crystal  field  splitting  of  the  4/  ground  state 
configuration.  A  detailed  analysis  of  S(T)  is  in  progress,  with 
the  extension  of  the  measurements  to  higher  temperatures. 

A  comparison  of  the  transport  properties  of  this  com¬ 
pound  with  those  previously  measured  in  U2Ni2Sn  reveals 
important  differences: 

(i)  in  the  paramagnetic  phase,  the  electrical  resistivity  of 
the  Nd  compound  increases  considerably  before  reaching  the 
classic  linear  increase  with  T  (electron-phonon  scattering), 


indicating  an  appreciable  crystal  field  effect  in  p(T)  due  to 
the  4/  electron  levels.  The  same  effect  is  also  present  in  the 
S(T )  data. 

(ii)  The  Neel  temperature  is  considerably  lower  in  the 
Nd  compound,  reflecting  the  localized  character  and  the  in¬ 
direct  exchange  coupling  (RKKY)  of  the  4/  magnetic  mo¬ 
ments. 

(iii)  In  the  cooperative  phase  of  the  Nd  compound  sev¬ 
eral  magnetic  transitions  are  observed  below  TN,  reflecting  a 
subtle  competition  between  different  magnetic  contributions 
as  usually  occurs  in  4/  rare  earth  elements  (e.g.,  competing 
anisotropy,  crystal  field,  and  exchange  effects). 


1 R.  Pinto,  M.  M.  Amado,  M.  A.  Salgueiro,  M.  E.  Braga,  J.  B.  Sousa,  B. 
Chevalier,  F.  Mirambert,  and  J.  Etourneau,  J.  Mag.  Mag.  Mat.  140,  1371 
(1995). 

2M.  Divis  M.  Richter,  and  H.  Eschrig,  Solid  State  Comunn.  90,  99  (1994). 

3L.  Havela,  V.  Sechovsky,  P.  Svoboda,  H.  Nakotte,  K.  Prokes,  F.  R.  de 
Boer,  A.  Seret.  J.  M.  Winand,  J.  Rebizant,  J.  C.  Spirlet,  A.  Purwanto.  and 
R.  A.  Robinson,  J.  Mag.  Mag.  Mat.  140,  1367  (1995). 

4R.  J.  Elliott  and  F.  A.  Wedgood,  Proc.  Phys.  Soc.  London  81,  846  (1963). 

5M.  E.  Fisher  and  J.  S.  Langer,  Phys.  Rev.  Lett.  20,  665  (1968). 

6T.  Kasuya  K.  Takegahara,  Y.  Aoki,  T.  Susuki,  S.  Kunii,  M.  Sera,  N.  Sato, 
T.  Fujita,  T.  Goto,  A.  Tamaki,  and  T.  Komatsubara,  Valence  Instabilities , 
edited  by  P.  Watcher  and  H.  Bappart  (North-Holland,  Amsterdam,  1982), 
p.  359. 

7F.  Steglich,  C.  D.  Bredl,  W.  Lieke,  U.  Rauchscchwalbe,  and  G.  Spam, 
Physics  B  126,  82  (1984). 

8F.  Steglich,  U.  Rauchscchwalbe,  U.  Gottwick,  H.  M.  Mayer,  N.  Grew,  U. 
Poppe,  and  J.  J.  M.  Franse,  J.  Appl.  Phys.  57,  3054  (1985). 

9S.  H.  Liu,  in  Handbook  on  the  Physics  and  Chemistry  of  Rare  Earths, 
edited  by  K.  A.  Schneider  et  al  (Elsevier,  Amsterdam,  1993),  Vol.  17,  p. 
87. 

10R.  J.  Elliott,  Phys.  Rev.  94,  564  (1954). 

11 M.  Divis,  M.  Olsovec,  M.  Richter,  and  H.  Eschrig,  J.  Mag.  Mag.  Mat.  140, 
1365  (1995). 

12  Van  Peski,  T.  Tinbergen,  and  A.  J.  Dekker,  Physica  29,  917  (1963). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Pinto  et  al. 


6357 


Thermal  expansion  of  single-crystalline  UNiAl 

K.  Prokes,  A.  de  Visser,  A.  A.  Menovsky,  E.  Bruck,  and  F.  R.  de  Boer 

Van  der  Waals-Zeeman  Institute,  University  of  Amsterdam,  1018  XE  Amsterdam,  The  Netherlands 

V.  Sechovsky 

Department  of  Metal  Physics,  Charles  University,  12116  Prague  2,  The  Czech  Republic 

T.  J.  Gortenmuider 

Kamerlingh  Onnes  Laboratory,  University  of  Leiden,  2300  RA  Leiden,  The  Netherlands 

Magnetization,  magnetic  susceptibility,  electrical  resistivity,  and  specific  heat  measurements  of 
UNiAl  point  to  antiferromagnetic  ordering  below  19.3  K,  which  is  confirmed  by  neutron-diffraction 
experiments.  The  enhanced  y  value  of  167  mJ/mol  K2  is  reflecting  pronounced  presence  of  magnetic 
fluctuations,  which  influence  also  the  other  electronic  properties  down  to  low  temperatures.  The 
thermal  expansion  of  UNiAl  was  measured  in  the  temperature  range  1.5-210  K  on  a  single  crystal 
along  the  a  and  c  axis.  Similar  to  other  bulk  properties,  also  the  thermal  expansion  of  UNiAl  is 
highly  anisotropic.  The  a  axis  is  monotonously  expanding  with  increasing  temperature  in  the  whole 
temperature  range.  Along  the  c  axis,  the  lattice  first  collapses  with  increasing  temperature  up  to  35 
K.  Around  this  temperature,  the  thermal  expansion  coefficient  ac  changes  sign  and  continuous 
expansion  with  further  increasing  temperature  is  then  observed.  The  sharp  anomaly  of  a  near  19.3 
K  present  in  both  directions  is  consistent  with  the  magnetic  phase  transition.  The  results  are 
discussed  in  terms  of  the  presence  of  anisotropic  magnetic  fluctuations.  ©  1996  American  Institute 
of  Physics.  [S0021-8979(96)25708-5] 


I.  INTRODUCTION 

The  study  of  the  formation  of  U  magnetic  moments  in 
intermetallic  compounds  plays  an  essential  role  in  under¬ 
standing  the  electronic  properties  of  /-electron-based  sys¬ 
tems,  specially  because  of  possible  participation  of  U  5/- 
electrons  in  the  bonding.  It  has  been  well  established  that  the 
variation  of  the  constituent  elements  in  UTX  (T=a  transition 
metal,  X=a  metal  from  the  p -block)  intermetallic  com¬ 
pounds  can  drastically  change  the  type  of  ground  state  due  to 
the  influence  of  the  d -  and  p -electron  states  of  these  ele¬ 
ments  on  the  5/  electron  states,  which  are  principally  in¬ 
volved  in  magnetism.1  Also  when  keeping  one  type  of  crystal 
structure  (fixed  geometry  of  the  surrounding  of  the  U  atom) 
a  broad  scale  of  magnetic  behavior  ranging  from  Pauli  para¬ 
magnetism  through  spin  fluctuations  towards  local-5 /- 
moment  behavior  and  magnetic  ordering  can  be  observed. 

Another  essential  issue  in  U  intermetallics  is  the  huge 
magnetocrystalline  anisotropy,  which  originates  from  the  an¬ 
isotropic  bonding  of  the  5/  wave  functions  in  the  crystal  and 
from  considerable  5/-orbital  moments.  Among  the  highly 
anisotropic  UTX  compounds  crystallizing  in  the  hexagonal 
ZrNiAl-type  of  structure  (Fig.  1),  UNiAl  has  attracted  con¬ 
siderable  attention  because  of  the  highest  y  value  of  167 
mJ/mol  K2  in  this  isostructural  group  of  compounds.  In  the 
literature,1,2  this  enhanced  y  value  qualifies  UNiAl  as  a 
middle-weight  heavy-fermion  system. 

UNiAl  becomes  antiferromagnetic  below  19.3  K  as  has 
been  inferred  from  the  magnetization,  magnetic  susceptibil¬ 
ity,  specific  heat  and  electrical  resistivity  behavior.2  It  exhib¬ 
its  a  strong  uniaxial  magnetic  anisotropy  with  the  easy- 
magnetization  direction  along  the  c  axis,  which  is  reflected 
also  in  transport  properties.  The  magnetic  structure  of  UNiAl 
consists  of  the  U  magnetic  moments  oriented  along  the  c 
axis  modulated  sinusoidally  within  the  basal  planes  and 


coupled  antiferromagnetically  between  these  planes.  The 
propagation  vector  is  k=(0.1,0.1,0.5).  The  numerous  indica¬ 
tions  of  strong  involvement  of  magnetic  fluctuations  in  low- 
temperature  electronic  properties2  make  this  compound  at¬ 
tractive  for  further  experimental  investigations  and 
theoretical  treatment. 

Here,  we  report  the  first  thermal  expansion  measure¬ 
ments  performed  on  a  single  crystal  of  UNiAl. 

II.  EXPERIMENT 

A  single  crystal  of  UNiAl  was  grown  from  a  nonsto- 
ichiometric  melt  with  a  slight  excess  of  U  by  a  modified 
Czochralski  technique  in  the  Center  ALMOS  at  the  Univer¬ 
sity  of  Amsterdam.  In  order  to  reduce  the  mosaicity,  the  seed 
was  tilted  from  the  easy-growth  direction  by  an  angle  of 
about  15°.  The  quality  of  the  resulting  crystal  was  checked 
by  x-ray  diffraction  and  electron-microprobe  analysis.  It  was 


#  U  €>  T  ®  X 

FIG.  1 .  Schematic  representation  of  the  ZrNiAl-type  of  structure. 
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FIG.  2.  Temperature  dependence  of  the  change  of  the  relative  length  with 
respect  to  1.5  K  measured  on  a  UNiAl  single  crystal  along  the  a  axis  (A) 
and  the  c  axis  (+),  and  temperature  dependence  of  the  relative  volume 
change  ( — ). 

found  to  be  single-crystalline;  however,  a  certain  amount  of 
included  pure  U  was  detected  by  the  electron-microprobe 
analysis. 

By  means  of  spark  erosion  a  semi-cube  with  a  size  of 
each  side  of  about  3.8  mm  was  cut  perpendicular  to  the  a  and 
the  c  axes.  The  temperature  dependence  of  the  thermal  ex¬ 
pansion  along  the  a  axis  aa{T)  and  along  the  c  axis  ac(T) 
was  measured  with  a  parallel-plate  capacitance  method3  in 
the  temperature  range  1.5-210  K.  The  temperature  was 
changed  in  steps  and  stabilised  in  order  to  keep  the  thermal 
equilibrium  of  sample  and  cell  during  the  measurement.  The 
relative  accuracy  decreases  with  increasing  temperature, 
reaching  a  limit  in  a  of  about  3  10~7  KT1  around  100  K. 

III.  RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  the  relative  length 
changes,  (A LIL){  with  respect  to  the  length  of  the  sample 
along  the  particular  direction  at  1.5  K  are  displayed  in  Fig.  2 
together  with  the  relative  volume  change 
(AWV)  =  2(AL/L)fl  +  (AL/L)c.  The  temperature  depen¬ 
dence  of  the  coefficient  of  linear  thermal  expansion, 
a(=L^l{dLifdT),  where  i  refers  to  the  a  or  the  c  axis  of  the 
hexagonal  UNiAl,  is  shown  in  Fig.  3.  The  corresponding 
coefficient  of  volume  expansion  av(T)-2aa(T)  +  ac(T)  is 
given  by  the  solid  line. 

As  can  be  seen,  the  thermal  expansion  of  UNiAl  is 
highly  anisotropic,  similar  to  most  of  other  bulk  properties. 
Along  the  a  axis  the  lattice  monotonously  expands  with  in¬ 
creasing  temperature  (aa  is  always  positive).  The  c  axis  di¬ 
rection  reveals  first  considerable  shrinking  with  increasing 
temperature  yielding  a  sharp  deep  minimum  at  19.3  K. 
Around  35  K,  ac(T)  changes  sign  and  the  lattice  expands  at 
higher  temperatures.  The  sharp  anomaly  observed  at  19.3  K 
in  both  aa(T)  and  ac(T )  is  consistent  with  the  magnetic 
phase  transition.  In  the  case  of  the  a -axis  direction,  the 
anomaly  is  doubled.  As  the  absolute  value  of  ac(T)  is  con¬ 
siderably  larger  than  aa(T),  the  coefficient  of  volume  expan¬ 
sion  av(T)  is  negative  below  22  K.  The  maximum  anisot- 
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FIG.  3.  Temperature  dependence  of  the  thermal  expansion  coefficients  along 
the  a  axis  aa  (A)  and  along  the  c  axis  ac  (+)  measured  on  a  UNiAl  single 
crystal.  The  corresponding  coefficient  of  the  volume  expansion 
av(T)  =  2aa(T)  +  ac(T)  is  given  by  the  solid  line. 

ropy,  corresponding  to  the  maximum  difference 
aa(T)~ac(T ),  is  found  at  TN.  At  high  temperatures,  both 
thermal  expansion  coefficients  can  be  approximated  by  a  De¬ 
bye  function  with  distinct  Debye  temperatures.  The  best 
agreement  at  temperatures  above  80-90  K  for  the  coefficient 
along  the  c  axis  is  achieved  for  &D  =  280  K.  For  the  coeffi¬ 
cient  along  the  a  axis,  a  much  higher  value  of  @^  =  400  K  is 
obtained.  In  this  case,  the  satisfactory  agreement  is  restricted 
to  region  above  150  K. 

At  low  temperatures,  both  aa(T )  and  ac(T)  can  be  ap¬ 
proximated  by  a  linear  dependence.  By  fitting  in  the  tem¬ 
perature  region  1.5-4  K,  the  linear  coefficients  of  the  ther¬ 
mal  expansion  aa-  aa(T)IT~  1.69X10-7  K  2  and 
ac=  ac(T)IT  =  — 4.57X  10-7  K-2  are  obtained,  yielding 
av=2aa  +  ac  =  —  1.19X  10-7  K“2. 

The  effective  Griineisen  parameter  reff(r)4 

TcS(T)  =  Vmav(T)lKc(T),  (1) 

where  Vm  is  the  molar  volume,  k—  —  V~l(dVfdp)  is  the 
isothermal  compressibility,  and  c(T )  is  the  molar  specific 
heat  at  constant  volume,  is  a  parameter  which  is  frequently 
discussed  in  the  context  of  heavy-fermion  research.  The  ex¬ 
perimental  effective  Griineisen  parameter  Teff(T)  is  in  gen¬ 
eral  temperature  dependent  and  consists  of  several  contribu¬ 
tions.  In  the  low-temperature  limit  where  the  specific  heat 
and  thermal  expansion  vary  linearly,  the  effective  Griineisen 
parameter  Teff(r)  is  driven  by  the  electronic  term  Te(T) 

r  e=Vmavh<y.  (2) 

In  the  case  of  UNiAl,  the  value  of  the  isothermal  compress¬ 
ibility  is  not  available  and  has  to  be  estimated.  We  have  used 
a  value  close  to  that  observed  for  URhAl5  which  amounts  to 
1.0  Mbar-1.  The  specific-heat  data  from  Briick  et  al2  pro¬ 
vide  y=167  mJ/mol  K2,  Vm=3.18X  10"5  m3/mol.  Using  Eq. 
(2)  we  derive  for  UNiAl  Te=- 6.8.  This  value  is  about  one 
order  of  magnitude  smaller  than  for  typical  heavy-fermion 
compounds,  e.g.,  UPt3,4  although  it  is  considerably  enhanced 
with  respect  to  normal  metals  (Te~ 2).  It  also  should  be 
noted  that  the  relatively  small  value  of  a  v  is  a  consequence 
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of  mutual  cancellation  of  significantly  large  coefficients  aa 
and  ac ,  one  positive  and  the  other  negative.  Especially,  ac  is 
very  large  in  absolute  value  indicating  a  very  strong  magne¬ 
toelastic  coupling  along  c. 

It  has  been  pointed  out  by  Briick  et  al}  that  UNiAl  can 
be  classified  as  an  itinerant  antiferromagnet  with  strong  in¬ 
dications  for  the  presence  of  spin  fluctuations.  Therefore,  a 
partial  contribution  to  a  and  T  due  to  the  spin  fluctuations  is 
most  probable  to  play  an  important  role  in  UNiAl.  For  the 
characteristic  temperature  of  the  spin  fluctuations  in  UNiAl, 
a  value  of  the  order  of  10  K  follows  from  the  specific-heat 
data.  The  electrical  resistivity  and  the  magnetic  susceptibility 
data  strongly  support  this  conclusion.  One  can  perform  an 
analysis  of  all  the  bulk  data  together  with  thermal-expansion 
results  using  the  so-called  universal  relations  which  couple 
the  magnetic  susceptibility,  the  specific  heat  or  the  electrical 
resistivity  with  thermal- expansion  data.6  However,  to  draw 
clear  conclusions,  usually  inelastic-neutron-scattering  experi¬ 
ments  are  necessary. 

Recently,  we  have  performed  both,  elastic  and  inelastic- 
neutron-scattering  experiments  on  a  good-quality  UNiAl 
single  crystal.7  Here  we  summarize  only  the  points  relevant 
to  understand  the  thermal-expansion  results.  The  analysis  of 
the  neutron-diffraction  results  reveals  the  presence  of  strong 
antiferromagnetic  fluctuations  in  UNiAl.  The  development  of 
the  fluctuations  with  temperature  can  be  followed  from  low 
temperatures  up  to  at  least  1.57^.  However,  no  particular 
dispersion  can  be  assigned  to  magnetic  fluctuations.  Instead 
of  that,  a  wide  spread  in  energy  transfer  of  scattering  inten¬ 
sity  is  present  in  the  inelastic  spectrum,  both,  below  and 
above  T N . 

As  the  magnetocrystalline  anisotropy  of  UNiAl  ex¬ 
pressed  in  values  of  the  paramagnetic  Curie  temperature 
reaches  300-400  K,  the  magnetic  fluctuations  have  entirely 
different  behavior  along  the  c  axis  and  within  the  basal 
plane.  The  onset  of  magnetic  fluctuations  is  visible  around 
35-40  K  where  upon  lowering  the  temperature  a  deviation 
from  the  high-temperature  behavior  of  the  thermal-expansion 
coefficient  aa  can  be  observed  accompanied  by  a  contraction 
along  the  hexagonal  axis.  Magnetic  fluctuations  along  the  c 
axis  are  clearly  of  antiferromagnetic  type.  The  behavior 
along  the  a  axis  is  rather  regular,  except  for  the  critical  re¬ 
gion  around  TN. 


IV.  CONCLUSION 

We  have  shown  that  the  thermal  expansion  of  UNiAl 
which  crystallizes  in  the  hexagonal  ZrNiAl-type  of  structure 
is  large  and  highly  anisotropic.  The  magnetic  phase  transition 
at  19.3  K  is  reflected  in  both  directions  by  a  pronounced 
anomaly.  These  findings  are  in  good  agreement  with  other 
bulk  magnetic,  transport  and  thermal  properties  which  reflect 
the  huge  magnetocrystalline  anisotropy  as  well.  The  mag¬ 
netic  structure  consists  of  sine-modulated  U  magnetic  mo¬ 
ments  within  the  basal  plane  with  adjacent  planes  coupled 
antiferromagnetically. 

The  value  of  the  electronic  contribution  to  the  Griineisen 
parameter  Te  =  -6.8  is  relatively  small  compared  to  values 
observed  for  typical  heavy-fermion  compounds.  This  is, 
however,  partially  due  mutual  cancellation  of  the  expansion 
effects  along  a  and  c.  The  large  negative  expansion  along  c 
below  35  K,  on  the  other  hand,  can  be  tentatively  attributed 
to  the  effect  of  antiferromagnetic  fluctuations  and  to  antifer¬ 
romagnetic  ordering  in  UNiAl  below  19.3  K. 
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I.  INTRODUCTION 

Recently,  great  attention  has  been  given  to  the  isostruc- 
tural  group  of  U2T2X  compounds  (T= transition  metal  and 
X=In,  Sn,  Al,  or  Ga).l“3  The  development  of  their  magnetic 
properties  (from  Pauli  paramagnetism  to  local-moment  be¬ 
havior)  is  influenced  by  the  hybridization  of  the  5/-electron 
states  with  ligand  electron  states.  The  5 f-d  hybridization  is 
demonstrated  by  the  evolution  of  magnetism  with  respect  to 
the  transition  metal  component.1,4,5 

U2Pt2Sn  has  been  first  reported  to  adopt  the  tetragonal 
U3Si2-type  structure  (space  group  P4/mbm).6  More  recent 
studies  pointed  out  a  derivative  form  with  the  space  group 
P42fmnm.7  Both  related  structures  consist  of  two  alternating 
plane  sheets,  one  containing  only  U  atoms  and  the  other 
accommodating  T  and  X  atoms.  The  shortest  interatomic 
U-U  distance  in  U2Pt2Sn  is  about  350  pm,  which  places  this 
compound  into  a  critical  region  between  localized  and  itin¬ 
erant  5 /-electron  behavior  in  Hill’s  classification.8 

The  aim  of  the  present  contribution  is  to  investigate  the 
type  of  the  crystal  structure,  the  type  of  the  ground  state,  as 
well  as  to  study  the  magnetic,  transport  and  thermal  proper¬ 
ties  of  polycrystalline  U2Pt2Sn. 

II.  EXPERIMENT 

A  polycrystalline  sample  of  U2Pt2Sn  has  been  prepared 
by  arc-melting  appropriate  amounts  of  the  constituting  ele¬ 
ments  under  argon  atmosphere.  The  purity  and  composition 
homogeneity  were  checked  by  x-ray  diffraction  and  by 
electron-microprobe  analysis.  The  microprobe  indicated  less 
than  1  vol.  %  of  UPtSn  as  a  secondary  phase.  The  average 


composition  of  the  main  phase  only  slightly  deviates  from 
the  ideal  stoichiometric  composition  of  U2Pt2Sn.  A  slight  U 
excess  and  Sn  deficiency,  both  of  the  order  of  1  at.  %,  were 
found. 

The  low-field  magnetization  and  the  temperature  depen¬ 
dencies  of  the  dc  magnetic  susceptibility  (x=M/H)  were 
measured  between  2  and  300  K  in  magnetic  fields  up  to  5  T 
in  a  Quantum  Design  SQUID  magnetometer  on  a  fine- 
powder  sample  with  grains  fixed  in  random  orientation  by 
diamagnetic  glue. 

The  specific  heat  was  measured  by  a  standard  semi- 
adiabatic  method  in  the  temperature  region  1.3-50  K  in 
fields  up  to  5  T. 

The  electrical  resistivity  was  measured  on  a  small  bar¬ 
shaped  sample  by  standard  ac  four-point  method.  The  large 
error  in  the  geometrical  factor  (in  addition  to  the  expected 
influence  of  internal  microcracks)  makes  a  reliable  estimate 
of  the  absolute  resistivity  values  questionable.  Therefore,  we 
display  the  normalized  electrical  resistivity  p/p300K* 

Neutron-diffraction  data  at  2.6  and  24  K  were  obtained 
in  the  neutron  powder  diffractometer  E6  at  the  Hahn- 
Meitner  Institute  using  an  incident  neutron  wavelength  of 
2.386  A.  For  these  measurements  about  10  g  of  U2Pt2Sn  was 
powdered  and  encapsulated  in  a  vanadium  container  under 
He  atmosphere.  The  data  were  analyzed  by  means  of  the 
Rietveld  profile  procedure9  using  the  program  Fullprof.10 
The  neutron-scattering  lengths  were  taken  from  Ref.  11. 

III.  BULK  MEASUREMENTS 

The  susceptibility  (Fig.  1)  above  40  K  is  nearly  field 
independent,  whereas  the  x  vs  T  curves  show  splitting  in  the 
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FIG.  1.  Temperature  dependence  of  the  magnetic  susceptibility  of  U2Pt2Sn 
extrapolated  to  infinite  magnetic  field  together  with  its  reciprocal  value.  In 
the  inset  the  data  collected  in  0.01  and  0.1  T  are  shown. 


low-temperature  region  reflecting  an  increasing  amount  of  a 
ferromagnetic  component  with  lowering  temperature.  An  up¬ 
turn  becomes  progressively  pronounced  with  decreasing 
magnetic  field  (the  inset  of  Fig.  1).  We  tentatively  attribute 
this  spurious  signal  to  the  UPtSn  impurity,  which  is  ferro¬ 
magnetic  below  19  K.12  In  Fig.  1  then  the  susceptibility  data 
extrapolated  to  infinite  magnetic  field  are  shown.  Two  re¬ 
gions  on  the  \!x  vs  T  above  40  K  can  be  identified:  one 
linear  above  160  K,  which  can  be  fitted  by  Curie- Weiss 
(CW)  law 

x=C/(T-®p),  (1) 

and  another  strongly  curved  at  lower  temperatures  which  can 
be  approximated  only  by  a  modified  Curie-Weiss  law 
(MCW) 

x=C/(T-®p)  +  x  o-  © 

In  the  former  case,  the  fitting  parameters  are: 
C  =  (2.56±0.01) X 1CT5  m3/mol  f.u.  K  (=>/ieff=2.86±0.02 
/xBf\J  atom)  and  a  negative  paramagnetic  Curie  temperature 
of  - 141.5±  1.6  K.  The  MCW  fit  below  160  K  is  yielding  a 
significantly  lower  value  of  C=  ( 1 . 1 1  ±  0.01)  X 10“ 5  m3/mol 
f.u.  K  (/reff=1.88±0.02  /rB/U  atom),  a  fairly  less  negative 
$p=  -6.9±0.6  K,  whereas  x0=2.9XlO_8  m3/mol  f.u. . 

These  fits  should  be  taken  with  caution,  because  the 
polycrystalline  data  on  highly  anisotropic  material  as  most  of 
the  U2T2X  compounds  are,  may  represent  an  admixture  of 
very  different  anisotropic  components  of  the  susceptibility. 
These  components  may  follow  the  CW  law,  however,  the  1/y 
vs  T  dependence  measured  on  polycrystal  is  strongly  curved 
especially  at  lower  temperatures.  Nevertheless,  the  high- 
temperature  CW  fit  provides  a  good  estimate  of  the  upper 
limit  of  /xeff  (although,  even  this  value  is  smaller  than  the 
values  expected  for  the  localized /3+  or  /'*  configuration). 
The  strikingly  different  values  of  ®p  from  the  high- 
temperature  CW  fit  and  the  low  temperature  MCW  fit  serve 
rough  estimates  of  paramagnetic  Curie  temperatures  for  the 
hard-  and  easy-magnetisation  direction,  respectively.  The  fit{{ 
value  from  the  low  temperature  fit  is  only  a  fraction  of  the 
genuine  effective  moment  and  depends  on  the  multiplicity  of 


FIG.  2.  Temperature  dependence  of  the  specific  heat  of  U2Pt2Sn  in  the 
representation  CpIT  vs  T  (a)  and  the  electrical  resistivity  (b)  in  zero  mag- 
netic  field. 


the  easy  axis.  The  “temperature  independent  parameter” 
is  then  an  arbitrary  value  without  any  deeper  physical  mean- 
ing. 

The  magnetic  phase  transition  at  T^— 15  K  is  reflected 
by  the  peak  in  the  CpIT  vs  T  curve  [Fig.  2(a)].  The  peak  is 
shifted  by  -0.3  K  in  5  T  as  expected  for  an  antiferromagnet. 
The  linear  coefficient  of  the  specific  heat  y=327.0±0.3  mJ/ 
mol  f.u.  K2  follows  from  the  linear  extrapolation  of  Cp/T  vs 
T2  plot  in  the  region  1.3- 8.5  K  to  zero  Kelvin.  This  value 
which  accounts  for  two  U  atoms  in  the  formula  unit  is  not 
affected  by  magnetic  field  to  5  T.  The  value  of  163  mJ/mol 
K2  calculated  per  one  U  atom  is  certainly  enhanced  with 
respect  to  normal  nonmagnetic  metals. 

The  onset  of  antiferromagnetic  ordering  at  TN=  15  K  is 
reflected  also  in  the  electrical  resistivity  [Fig.  2(b)].  The  elec¬ 
trical  resistivity  is  slightly  increasing  with  lowering  tempera¬ 
ture  and  passing  a  shallow  maximum  around  35  K.  This 
behavior  is  commonly  observed  in  strongly  hybridized 
U-based  materials.  After  some  precursor  behavior  around  TN 
the  resistivity  drops  at  lower  temperatures.  No  quadratic  tem¬ 
perature  dependence  is  observed  down  to  4.2  K. 

The  magnetization  curves  of  U2Pt2Sn  at  4.2  K  show  a 
metamagnetic  transition  at  about  22  T.13  This  result  corrobo¬ 
rates  the  conclusion  about  the  antiferromagnetic  ground 
state.  The  magnetization  for  the  field-aligned  (random- 
oriented)  powder  sample  yields  a  value  of  1.49  (1.23)  ^tB/f.u. 
in  56  T.  The  magnetization  curve  is  far  from  saturation  even 
in  this  very  high  magnetic  field.  We  cannot  exclude  that  an¬ 
other  metamagnetic  transition  may  occur  in  higher  fields  and 
therefore,  do  not  dare  making  any  conclusion  about  the  type 
of  anisotropy  from  comparison  of  present  data  obtained  on 
the  field-aligned  and  random  oriented  samples. 

The  low-field  magnetization  exhibits  a  small  hysteresis 
loop  developing  below  20  K,  which  is  believed  to  be  due  to 
the  ferromagnetic  UPtSn  impurity. 
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FIG.  3.  The  neutron-diffraction  spectrum  of  U2Pt2Sn  recorded  at  24  K  to¬ 
gether  with  the  best  fit.  The  full  line  at  the  bottom  represents  the  difference 
between  the  experimental  data  and  the  fit.  The  2.6-24  K  spectrum  is  dis¬ 
played,  as  well. 

IV.  NEUTRON  DIFFRACTION  RESULTS 

As  two  possible  crystal  structures  for  U2Pt2Sn  have  been 
reported  in  the  literature,  the  determination  of  the  exact  crys¬ 
tal  structure  was  our  first  task  in  the  neutron-diffraction  ex¬ 
periment.  Two  tetragonal  crystallographic  structures  were 
considered:  the  ideal  tetragonal  U3Si2-type  of  structure 
(space  group  PA/mbm)  and  its  variant,  in  which  U  atoms  are 
forced  by  relatively  large  Pt  atoms  to  move  from  their  origi¬ 
nal  positions  forming  thus  zig-zag  chains  along  the  c  axis 
(space  group  P42lmnm).  The  pattern  recorded  (Fig.  3) 
above  the  transition  temperature,  at  24  K,  can  be  fully  in¬ 
dexed  by  using  the  latter  type  of  structure.  The  structural 
parameters  are  summarized  in  Table  I.  Reflections  of  the 
very  weak  UPtSn  secondary  phase  cannot  be  detected. 

In  the  spectrum  recorded  at  2.6  K,  new — purely  mag¬ 
netic  reflections  and  additional  magnetic  contributions  on 
some  of  the  nuclear  Bragg  reflections  (see  the  difference 
spectrum  in  Fig.  3)  can  be  resolved.  This  clearly  indicates 
that  the  magnetic  periodicity  is  different  from  the  crystallo¬ 
graphic  one,  which  is  compatible  with  the  antiferromagnetic 
ordering  suggested  from  bulk  experiments.  The  magnetic 
structure  refinement  is  difficult  from  the  available  powder 
pattern.  In  this  stage,  no  magnetic  unit  cell  which  would 

TABLE  I.  The  refined  structural  parameters  of  U2Pt2Sn  at  24  K. 

Space  group:  P42/mnm,  Z—2  T=24  K 


U1 

4/ 

x\ji  *uih 

*ur 

=0.3414  (7) 

U2 

4  g 

xm  ~xmQ 

xm= 

0.2044  (30) 

Pt 

a 

xPt  x?t  zPt 

Xpt  = 

=0.1302  (4) 

Zpc 

Sn 

4d 

0  1/2  1/4 

Lattice  parameters: 

R  factors: 

a  = 

770.496±  0.285 

pm 

RP= 

5.43% 

c  — 

740.760±  0.296 

pm 

R\vp  — 

=  8.16% 

rb= 

1.95% 

^=3.30 

index  all  observed  magnetic  peaks  could  be  deduced.  Single¬ 
crystal  data  are  desirable  to  choose  a  proper  model  out  of 
many,  which  are  roughly  satisfying  the  powder  data. 

V.  CONCLUSIONS 

By  means  of  powder  neutron  diffraction,  we  have  shown 
that  U2Pt2Sn  crystallizes  in  an  ordered  variant  (space  group 
PA2lmnm)  of  the  tetragonal  U3Si2-type  of  structure  and  that 
it  orders  antiferromagnetically  at  low  temperatures  (7^=15 
K).  The  results  obtained  by  means  of  the  magnetic- 
susceptibility,  the  specific-heat  and  the  electrical-resistivity 
suggests  that  the  magnetism  in  U2Pt2Sn  is  governed  by  to 
certain  extent  delocalized  5/-electron  states  in  U  atoms. 
However,  among  the  U2T2X  compounds  studied,  this  mate¬ 
rial  can  be  considered  as  an  example  of  a  system  with  rather 
well-defined  U  magnetic  moments.  In  order  to  elucidate  the 
magnetic  structure  and  specific  features  of  magnetic  anisot¬ 
ropy,  single-crystalline  U2Pt2Sn  are  strongly  desirable. 

ACKNOWLEDGMENTS 

This  work  was  sponsored  by  the  “Stitching  voor  Funda- 
menteel  Onderzoek  der  Materie”  (FOM),  and  The  Grant 
Agency  of  the  Czech  Republic  (project  #  202/93/0184).  Sup¬ 
port  to  K.  P.  and  J.  M.  W.  given  in  the  framework  of  the  E.C. 
funded  training  program  HC&M  is  acknowledged.  The  work 
of  V.  S.  and  P.  S.  at  HMI  Berlin  was  supported  by  program 
PECO.  . 

1 L.  Havela,  V.  Sechovsky,  P.  Svoboda,  M.  Divis,  H.  Nakotte,  K.  Prokes,  F. 
R.  de  Boer,  A.  Purwanto,  R.  Robinson,  A.  Seret,  J.  M.  Winand,  J.  Rebi- 
zant,  J.  C.  Spirlet,  M.  Richter,  and  H.  Eschrig,  J.  Appl.  Phys.  76,  6214 
(1994). 

2F.  Bouree,  B.  Chevalier,  L.  Fournes,  F.  Mirambet,  T.  Roisnel,  V.  H.  Tran, 
and  Z.  Zolnierek,  J.  Magn.  Magn.  Mater.  138,  307  (1994). 

3M.  Divis,  M.  Olsovec,  M.  Richter,  and  H.  Eschrig,  J.  Magn.  Magn.  Mater. 
140-144,  1365  (1995). 

4H.  Nakotte,  K.  Prokes,  E.  Briick,  N.  Tang,  F.  R.  de  Boer,  P.  Svoboda,  V. 
Sechovsky,  L.  Havela,  J.  M.  Winand,  A.  Seret,  J.  Rebizant,  and  J.  C. 
Spirlet,  Physica  B  201,  247  (1994). 

5L.  Havela,  V.  Sechovsky,  P.  Svoboda,  H.  Nakotte,  K.  Prokes,  F.  R.  de 
Boer,  A.  Seret,  J.  M.  Winand,  J.  Rebizant,  J.  C.  Spirlet,  A.  Purwanto,  and 
R.  Robinson,  J.  Magn.  Magn.  Mater.  140-144,  1367  (1995). 

6M.  N.  Peron,  Y.  Kergadallan,  J.  Rebizant,  D.  Meyer,  S.  Zwiner,  L.  Havela, 
H.  Nakotte,  J.  C.  Spirlet,  G.  M.  Kalvius,  E.  Colineau,  J.  L.  Oddou,  C. 
Jeandey,  J.  P.  Sanchez,  and  J.  M.  Winand,  J.  Alloys  Comp.  201,  203 
(1993);  F.  Mirambet,  P.  Gravereau,  B.  Chevalier,  L.  Trut,  and  J.  Etour- 
neau,  J.  Alloys  Comp.  191,  LI  (1993). 

7P.  Gravereau,  F.  Mirambet,  B.  Chevalier,  F.  Weill,  L.  Fournes,  D.  Laffar- 
gue,  F.  Bouree,  and  J.  Etourneau,  J.  Mater.  Chem.  4,  1893  (1994). 

8H.  H.  Hill,  Plutonium  and  Other  Actinides,  edited  by  W.  N.  Miner  (AIME, 
New  York,  1990),  p.  2. 

9H.  M.  Rietveld,  J.  Appl.  Cryst.  2,  65  (1969). 

10J.  Rodrigues-Carvajal,  FULLPROF  version  2.6  l-Oct94,  ILL  (unpub¬ 
lished). 

11 V.  F.  Sears,  Neutron  News  3,  26  (1992). 

12  Sechovsky  and  L.  Havela,  Ferromagnetic  Materials ,  Vol.  4,  edited  by  E.  P. 
Wolfarth  and  K.  H.  J.  Buschow  (North-Holland,  Amsterdam,  1988),  Ch.  4, 
pp.  309-491. 

13  K.  Prokes,  H.  Nakotte,  F.  R.  de  Boer,  T.  Fukushima,  S.  Matsuyama,  T. 
Kumada,  K.  Kindo,  L.  Havela,  V.  Sechovsky,  A.  Lacerda,  J.  M.  Winand,  J. 
Rebizant,  and  J.  C.  Spirlet,  Conference  Proceedings,  Physical  Phenomena 
at  High  Magnetic  Fields-II,  Tallahassee,  FL,  May  6-9,  1995  (in  press). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Prokes  et  al.  6363 


The  spin-glass  state  of  Yi_xUxPd3 

M.  A.  Lopez  de  la  Torre, a)  J.  Rodriguez  Fernandez,  and  K.  A.  McEwen 

Department  of  Physics,  Birkbeck  College,  University  of  London,  Malet  Street,  London 
WC1E  7HX,  United  Kingdom 

We  have  performed  a  detailed  study  of  the  magnetization  of  Yo.6U04Pd3  (7y  10  K),  which  shows 
thermal,  transport,  and  magnetic  properties  typical  of  a  spin-glass  system.  Strong  irreversibility  is 
observed  among  our  zero-field-cooled  and  field-cooled  measurements  in  fields  as  large  as  30  kOe. 
Thus,  the  freezing  temperature  displays  an  unusual  weak  dependence  with  field.  We  observe  a  very 
slow  temporal  dependence  of  the  magnetization  below  the  freezing  temperature.  The  nonlinear 
susceptibility  coefficients  extracted  from  our  data  show  an  increase  by  a  factor  of  approximately  20 
when  approaching  the  freezing  temperature  from  above,  but  do  not  show  a  true  divergence  at  Tf, 
and  a  scaling  analysis  does  not  seem  to  be  possible.  We  compare  these  results  with  those  expected 
for  classical  spin  glasses,  and  propose  a  possible  mechanism  for  the  onset  of  frustration  below 
^  =  0.45  in  Y1_JCUvPd3.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)25908-8] 


I.  INTRODUCTION 

The  pseudobinary  metallic  compound  Y1_xUxPd3  has 
been  the  subject  of  intensive  study  in  recent  years.  For 
*  =  0.2,  anomalous  thermal,  magnetic,  and  electrical  proper¬ 
ties  are  observed,  suggesting  a  non-Fermi  liquid  ground 
state.1,2  Several  theoretical  models  have  been  proposed  in 
order  to  explain  the  origin  of  this  unconventional  behavior, 
from  a  multichannel  Kondo  effect  to  a  T—  0  phase  transition. 
In  this  case,  the  actual  character  of  the  magnetic  ordering 
taking  place  for  x>0.2  determines  whether  a  non-Fermi  liq¬ 
uid  ground  state  develops  at  low  temperature.3 

Regarding  Y1_xUJCPd3,  in  the  U  concentration  range  0.2 
<jc<0.5  these  materials  apparently  show  clear  spin-glass  or¬ 
dering  below  a  freezing  temperature  (Tf)  which  extrapolates 
to  0  K  in  the  *  =  0.2  limit.4  However,  close  to  the  upper  limit 
(*  =  0.45),  recent  experimental  evidence  indicates  the  onset 
of  long-range  antiferromagnetic  ordering,5  casting  some 
doubts  about  the  spin-glass  behavior  for  all  the  concentration 
range.  An  interesting  feature  of  the  spin-glass  ordering  in 
these  materials  is  that  it  develops  in  a  by  no  means  diluted 
system.  On  the  contrary,  canonical  spin  glasses  usually  are 
diluted  systems,  showing  a  trend  towards  long-range  mag- 
netic  ordering  with  increasing  doping. 

With  the  aim  of  clarifying  the  actual  character  of  mag¬ 
netic  ordering  in  this  system,  we  have  performed  a  study  of 
the  magnetization  of  Y0.5U0.4Pd3  (7y~  10  K).  The  results  are 
compared  with  those  expected  for  classical  spin  glasses. 

II.  EXPERIMENT 

The  polycrystalline  sample  of  Y0  6U0.4Pd3  was  prepared 
by  arc  melting  in  an  argon  atmosphere,  and  subsequently 
annealed  at  900  °C  for  one  week.  X-ray  diffraction  studies 
did  not  reveal  the  existence  of  any  secondary  phase.  Magne¬ 
tization  measurements  were  performed  at  Birkbeck  College 
in  the  temperature  range  between  2  and  20  K  and  for  fields 
up  to  70  kOe  using  a  Quantum  Design  SQUID  magnetome¬ 
ter. 


a)Departamento  de  Fisica  Aplicada,  Universidad  de  Castilla-La  Mancha,  c. 
San  Lucas  n.  3,  45002-Toledo  (Spain). 


III.  RESULTS 

In  Fig.  1  we  show  results  from  dc  magnetic  susceptibil¬ 
ity  measured  on  warming,  after  cooling  the  sample  to  the 
base  temperature  in  zero  applied  field  (ZFC),  and  measured 
while  cooling  to  the  base  temperature  in  an  external  applied 
field  (FC).  Even  for  fields  as  high  as  30  kOe,  strong  irrevers¬ 
ibility  is  observed  below  a  characteristic  temperature  (T-m). 
For  low  fields,  both  ZFC  and  FC  magnetic  susceptibilities 
show  a  peak  (Tmax)  at  the  irreversibility  temperature,  as  it  is 
usually  observed  in  canonical  spin  glasses.  For  higher  ap¬ 
plied  fields,  both  characteristic  temperatures  are  monotoni- 
cally  shifted  down,  more  quickly  for  Tm.  It  is  also  clearly 
observed  from  Figs.  1  and  2  that  the  susceptibility  maximum 
becomes  progressively  smoothed  with  increasing  applied 
field,  which  is  usually  interpreted  as  a  sign  of  the  nonlinear 
effects.  For  50  and  70  kOe,  the  magnetic  susceptibility  is 
practically  constant  below  rmax ,  and  we  were  able  to  observe 
only  a  weak  irreversibility.  Due  to  experimental  difficulties, 
the  starting  temperature  for  these  last  fields  was  4.5  K  in¬ 
stead  of  2  K.  Further  experiments  down  to  2  K  are  in 
progress  to  determine  Tm  for  fields  higher  than  30  kOe. 


T(K) 

FIG.  1.  ZFC  and  FC  magnetic  susceptibility  of  Y06U04Pd3  as  a  function  of 
temperature  for  H=  1,  5,  10,  and  30  kOe.  Curves  corresponding  to  10,  5, 
and  1  kOe  are  shifted  up  for  clarity.  Solid  lines  are  guides  to  the  eye. 
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FIG.  2.  Field-cooled  magnetic  susceptibility  set  of  data  used  for  the  fits  to 
the  nonlinear  expression  cited  in  text. 


In  Fig.  2  we  show  the  results  of  the  FC  measurements, 
from  which  we  extracted  M  vs  H  data  and  performed  a  clas¬ 
sical  analysis  in  terms  of  nonlinear  susceptibility: 

M  =  m0  +  XoH-b3(x0H)3  +  b5(xoH)5.  0) 

The  m0  term  is  included  in  order  to  correct  for  systematic 
errors  in  the  low-field  data  arising  from  remanent 
magnetization.9  In  Fig.  3  we  show  the  b3  and  b5^ coefficients 
obtained  from  this  analysis.  The  typical  error  for  the  b3  co¬ 
efficient  amounts  to  10%  of  its  absolute  value,  and  to  30% 
for  the  b5  coefficient.  In  spite  of  the  significant  uncertainty  in 
its  absolute  values,  both  coefficients  steadily  increase  by  a 
factor  of  about  20  when  approaching  the  freezing  tempera¬ 
ture  from  above,  reaching  a  maximum  around  10.2  K,  which 
can  be  interpreted  as  the  actual  freezing  temperature. 

We  also  checked  the  temporal  dependence  of  the  mag¬ 
netic  properties.  In  Fig.  4,  we  show  the  magnetic  suscepti¬ 
bility  as  a  function  of  time,  measured  at  T=  2  K,  well  below 
the  freezing  temperature,  in  a  5  kOe  applied  field  and  after 
the  sample  had  been  zero-field  cooled.  A  logarithmic  law 
In  T  clearly  does  not  fit  our  results,  nor  an 


T(K) 

FIG.  3.  Temperature  dependence  of  the  nonlinear  coefficients  b3  and  b5, 
showing  the  peak  at  the  freezing  temperature. 


FIG.  4.  Magnetic  susceptibility  as  a  function  of  time,  measured  at  T=  2  K 
and  in  5  kOe  applied  field  after  zero-field  cooling  the  sample.  Solid  line  is  a 
fit  to  the  stretched  exponential  expression  cited  in  text  with  the  coefficients 
M0~136X  10-6  emu/g,  M,  =  -5.61X  10“  7  emu/g,  «  =  0.74,  tp=  5X  106  s. 


algebraic  law  x(  0  -  M0  +  M  x  t  a,  rather  we  find  that  a  Kohl- 
rausch  law  (also  called  stretched  exponential), 

x(t)=M0+M1  exp[-(r/^)(1_n)]  (2) 

give  us  a  very  good  fit,  which  is  a  very  common  behavior  for 
canonical  spin  glasses.  In  fact,  our  value  for  the  coefficient  n 
(0.74±0.01)  is  very  close  to  the  value  obtained  by  Chamber¬ 
lin  et  al 10  for  diluted  AgMn  alloys  at  temperatures  well  be¬ 
low  Tf(n~0.69±0.0l). 

IV.  DISCUSSION 

From  our  results,  a  first  conclusion  is  readily  obtained: 
most  of  the  features  observed  in  the  magnetic  susceptibility 
of  Y0  6U0  4Pd3  are  reminiscent  of  those  usually  observed  in 
canonical  spin  glasses.  We  will  mention  several  of  them:  (a) 
strong  irreversibility,  (b)  a  cusp  at  Tmax  in  the  ZFC  and  FC 
susceptibilities,  which  at  low  fields  coincides  with  the  onset 
of  irreversibility  at  Tm ,  (c)  Xfc  almost  temperature  indepen¬ 
dent  below  Tmax ,  (d)  slow  temporal  dependence  of  the  mag¬ 
netic  properties,  described  by  a  stretched  exponential  func¬ 
tion. 

A  remarkable  feature  that  is  worth  to  point  out  is  the 
magnitude  of  the  fields  necessary  to  destroy  the  strong  irre¬ 
versibility  in  the  susceptibility  (H>  30  kOe  to  have  Tin< 4.5 
K).  For  canonical  spin  glasses,  even  with  freezing  tempera¬ 
tures  as  high  as  30  K,  30  kOe  would  completely  destroy  the 
strong  irreversibility.11  However,  in  our  system  a  weak  irre¬ 
versibility  is  still  present  below  7max  even  for  50  and  70  kOe. 
If  we  define  Tmax  as  the  actual  freezing  temperature,  then, 
when  applying  a  field  77-70  kOe  we  would  have  a  spin- 
glass  state  shifted  down  2  K  below  Tf(H=  0),  which  is  only 
a  20%  Tf  shift.  We  have  not  found  in  the  available  literature 
any  material  showing  such  a  weak  dependence  of  Tf  with 
magnetic  field.  Something  similar  could  be  pointed  out  for 
the  temporal  evolution  of  the  ZFC  susceptibility.  Again,  we 
find  it  quite  remarkable  that  we  perform  this  experiment  with 
an  applied  field  H=5  kOe,  rather  small  for  the  frozen  state 
of  Y0.6U0.4Pd3  but  enormous  for  any  typical  spin-glass  sys¬ 
tem. 
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It  is  usually  stated  that  conventional  spin  glasses  would 
show  a  divergence  in  b3 ,  b5 ,  the  coefficients  of  the  nonlinear 
expansion  for  magnetization,  if  there  is  a  true  spin-glass  tran¬ 
sition  at  Tf}2  Our  results  show  a  substantial  increase  in  both 
coefficients  on  approaching  the  transition  from  above,  but 
not  a  strict  divergence  at  Tf ,  Having  extracted  from  the  data 
the  nonlinear  susceptibility,  it  is  possible,  at  least  in  prin¬ 
ciple,  to  obtain  the  so-called  critical  isotherm, 
computing  then  one  of  the  critical  exponents  ($),  and  after¬ 
wards  to  follow  with  a  conventional  scaling  analysis.  Due  in 
part  to  experimental  uncertainty  at  low  fields,  it  is  difficult  to 
extract  S  from  our  results.  A  log-log  plot  of  *nl  vs  H  (not 
shown)  only  displays  linearity  in  a  restricted  range,  of  less 
than  one  decade,  at  high  fields.  A  system  that  shows  such  a 
weak  dependence  of  b3  and  a  quite  restricted  scaling  behav¬ 
iour  of  the  critical  isotherm  is  the  kagome  system 
SrCr8Ga4019,  which  is  an  archetypal  highly  frustrated 
system.9,13  For  this  material,  a  nonconventional  spin-glass 
state  below  Tf  has  been  proposed,  which  shares  an  unusual 
feature  with  our  system:  a  T2  term  in  the  low-temperature 
specific  heat,  which  is  not  generally  observed  in  spin-glass 
systems.  For  the  kagome  system,  it  has  been  suggested  that 
this  term  could  arise  from  finite  size  antiferromagnetic  re¬ 
gions.  As  it  was  pointed  out  before,  Y0  55Uo  45Pd3  seems  to 
develop  long-range  antiferromagnetic  order  below  TN~  20 
K.5  Otherwise,  apart  from  the  almost  typical  spin-glass-like 
thermal,  magnetic  and  electrical  properties  of  Y06U04Pd3, 
results  from  (jlSR  experiments  exhibit  features  expected  for 
spin-glass  ordering  developing  below  the  freezing 
temperature.14  A  possible  explanation  for  this  spin-glass  state 
is  that  frustration  develops  for  U  concentrations  lower  than 
0.45.  For  materials  with  x^0.45,  like  ours,  it  is  tempting  to 
consider  that  we  are  close  to  the  percolation  limit  separating 
spin  glass  from  long-range  magnetic  order.  In  that  concen¬ 
tration  range,  antiferromagnetic  clusters  play  an  important 
role.  We  want  to  point  out  that  the  percolation  limit  for  an¬ 
tiferromagnetic  bonding  in  a  fee  lattice  is  45%. 7  Following 
the  common  nomenclature,  Y0  6U0  4Pd3  should  be  considered 
as  a  cluster  glass  (also  called  mictomagnet).  Because  we  are 
in  the  high  concentration  limit,  and  due  to  the  increasing  role 
of  antiferromagnetic  clusters,  we  should  observe  no  scaling 
of  the  magnetic  properties.  If  our  description  is  correct,  with 
decreasing  U  concentration  the  system  would  evolve  steadily 
to  a  more  conventional  spin-glass  behavior,  recovering  the 
scaling  in  the  low  concentration  limit.7 

Considering  the  non-Fermi  liquid  ground  state  develop¬ 
ing  for  x  =  0.2,  it  seems  to  develop  right  at  the  concentration 
limit  where  the  freezing  temperature  approaches  zero.  Fol¬ 


lowing  our  discussion,  the  Tf-+0  K  limit  concentration  (x 
=  0.2),  separates  a  canonical  spin-glass  region  (showing,  for 
example,  scaling  of  the  magnetic  properties)  from  the  Kondo 
regime.  As  far  as  we  know,  theories  in  favor  of  non-Fermi 
liquid  behavior  due  to  a  T=  0  phase  transition  consider  only 
long-range  magnetic  order.2,3  If  such  a  theory  can  be  applied 
to  a  spin  glass  with  Tf~  0  remains  an  open  question. 

V.  CONCLUSIONS 

The  dc  magnetic  susceptibility  of  Y06U04Pd3  shows 
most  of  the  features  commonly  associated  with  spin-glass 
order.  However,  our  results  show  neither  a  true  divergence  of 
the  first  two  coefficients  of  nonlinear  susceptibility  (b3,b5) 
nor  scaling  of  its  critical  isotherm.  This  points  to  a  nonca- 
nonical  spin  glass  state.  Considering  the  long-range  antifer¬ 
romagnetic  ordering  reported  for  the  0.45  compound,  we 
propose  that  Y0  6U0  4Pd3  should  be  considered  as  an  example 
of  cluster  glass  system  in  the  concentration  range  close  to  the 
percolation  limit  for  antiferromagnetic  ordering. 
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The  compounds  CeRhSb  and  CeNiSn  show  hybridization  gap  in  the  electronic  density  of  states.  It 
is  of  interest  to  look  for  a  similar  gap  in  a  related  compound,  CeNiSb.  We  present  here  the  results 
of  the  structural,  magnetic,  and  transport  studies  on  CeNiSb.  Rietveld  analysis  of  the 
room-temperature  neutron  diffraction  data  reveals  that  this  compound  crystallizes  in  the  hexagonal 
structure  (space  group  P63lmmc).  Magnetization  measurements  show  that  this  compound  is 
ferromagnetically  ordered  with  a  transition  temperature  of  ~4  K.  The  magnetic  susceptibility  of 
CeNiSb  follows  Curie- Weiss  behavior  between  10  and  300  K  with  effective  paramagnetic  moment 
close  to  that  of  Ce3+  ion.  The  heat  capacity  of  CeNiSb  shows  a  rise  at  about  4  K  due  to  the 
ferromagnetic  ordering  and  a  moderately  large  value  of  y  is  obtained.  Its  electrical  resistivity  shows 
a  weak  shallow  minima  at  15  K  which  is  a  characteristic  feature  of  Kondo  lattice  systems.  However, 
no  rise  in  the  resistivity  at  low  temperatures,  as  seen  in  CeRhSb  and  CeNiSn,  is  observed  in  CeNiSb. 
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I.  INTRODUCTION 

The  compound  CeRhSb1,2  is  one  of  the  very  few  Ce- 
based  intermetallic  compounds  to  show  an  insulating/ 
semiconducting  ground  state.  This  compound  crystallizes  in 
the  orthorhombic  e-TiNiSi-type  structure  (space  group 
Pnma).  Its  susceptibility  shows  a  broad  maxima,  typical  of 
mixed-valent  Ce-based  compounds.  In  such  mixed-valent 
systems,  as  a  result  of  the  strong  hybridization  between  the 
conduction  electrons  and  the  4/  electrons,  a  gap  can  occur  at 
low  temperatures  in  the  electronic  density  of  states.  The  elec¬ 
trical  resistivity  of  this  compound,  though  metal-like  at 
higher  temperatures,  indeed  shows  a  sharp  rise  at  low  tem¬ 
perature  (below  8  K),  which  is  thought  to  be  a  manifestation 
of  the  gap  in  the  electronic  density  of  states.  The  gap  energy 
has  been  estimated  to  be  about  4  K  from  these  measure¬ 
ments.  Another  Ce-based  compound,  CeNiSn,3  isostructural 
to  CeRhSb,  also  shows  similar  gap  formation. 

In  view  of  the  above-mentioned  results,  it  is  interesting 
to  study  the  system,  CeNiSb,  which  may  be  thought  to  be 
derived  from  CeRhSb  by  substitution  of  Ni  at  the  Rh  site  or 
from  CeNiSn  by  substitution  of  Sb  at  the  Sn  site  and  to  look 
for  gap  formation  in  this  compound.  We  have,  therefore,  car¬ 
ried  out  electrical  resistivity,  magnetic  susceptibility,  and 
heat  capacity  measurements  on  this  compound.  Our  mea¬ 
surements  reveal  that  the  Ce  ions  in  CeNiSb  are  in  a  nearly 
trivalent  state.  There  is  a  weak  Kondo  lattice  nature  and  also 
a  ferromagnetic  ordering  in  this  compound  below  4  K.  How¬ 
ever,  low-temperature  resistivity  rise  is  not  seen  in  this  com¬ 
pound. 

II.  EXPERIMENTAL  DETAILS 

The  RNiSb  (R=La  and  Ce)  samples  were  prepared  by 
arc  melting  of  stoichiometric  amounts  of  the  constituent  el¬ 
ements  under  a  continuous  flow  of  Argon  gas.  If  the  loss  in 
weight  is  attributed  to  the  volatile  nature  of  Sb,  the  resulting 
composition  of  the  Ce  compound  is  CeNiSb0  9  (which  will  be 
referred  to  as  CeNiSb).  We  have  carried  out  neutron  diffrac¬ 


tion  measurements  on  this  compound  to  study  its  crystal 
structure  and  various  site  occupancies.  In  order  to  look  for 
gap  formation,  heat  capacity,  resistivity,  and  magnetic  sus¬ 
ceptibility  measurements  were  carried  out.  For  heat  capacity 
measurements  the  adiabatic  technique  was  used  in  the  low 
temperature  range  of  2-20  K.  (For  details  on  resistivity  and 
susceptibility  measurements,  see  Ref.  4.) 

III.  RESULTS  AND  DISCUSSIONS 

Preliminary  x-ray  measurements  had  shown  that  CeNiSb 
crystallizes  in  the  hexagonal  structure  unlike  CeRhSb  while 
the  nonmagnetic  analogs,  LaNiSb  and  YNiSb  appeared  to  be 
isostructural  to  CeRhSb.  However,  a  more  detailed  analysis 
shows  that  the  crystal  structure  of  all  the  three  RNiSb  com¬ 
pounds  mentioned  above  can  be  refined  assuming  a  hexago¬ 
nal  lattice  with  space  group  P63/mmc.  The  observed  and 
fitted  neutron  diffraction  pattern  of  CeNiSb  is  shown  in  Fig. 
1 .  The  GSAS  program  based  on  Rietveld  analysis  was  used  to 
refine  its  crystal  structure.5  The  scattering  cross  sections  (in 


26  (degrees)  (X  10  ) 


FIG.  1.  Observed  and  fitted  neutron  diffraction  pattern  for  CeNiSb.  The  line 
positions  marked  below  the  pattern  are  for  CeNi5,  CeSb,  and  CeNiSb,  re¬ 
spectively. 
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FIG.  2.  (a)  Plot  of  magnetic  susceptibility  \  vs  temperature  T  for  CeNiSb. 
(b)  Plot  of  electrical  resistivity  p  vs  temperature  T  for  CeNiSb  showing  the 
Kondo  minimum. 


units  of  10” 12  cm)  used  were  Ce(0.484),  Ni(1.030),  and 
Sb(0.564).  The  line  shapes  were  approximated  by  pseudo- 
Voigt  type  function.  A  reasonably  good  fit  to  the  data  is  ob¬ 
tained  in  the  hexagonal  structure,  (space  group  P63/mmc) 
with  two  formula  units  per  unit  cell  in  which  Ce  is  at  the  2  a 
site  at  (0,0,0),  Ni  at  the  2c  site  at  (0.33,0.66,0.25),  and  Sb  at 
the  2d  site  at  (0.33,0.66,0.75).  The  refinement  also  included 
secondary  phases  CeSb  (3%)  and  CeNi5  (6%).  From  the  re¬ 
finement,  the  values  of  lattice  parameters  obtained  for 
CeNiSb  are  a  =4.3935(1)  A  and  c =8.2375(3)  A.  The  bond 
distances  obtained  are  dCj,_Cc=4. 1 19  A,  dCe_Sb= 3.266  A, 
^Ce-Ni=3-266  and  cfNi-Sb=2.536  A.  The  reduced  x2  value 
for  the  fit  is  1.598,  ^^=5.9%  and  Rp— 4.6%.  The  refined 
fractional  site  occupancies  for  the  sites  are  Ce:  1  (fixed),  Sb: 
1.047(18),  and  Ni:  0.937(14).  Since  Ni  has  a  higher  neutron 
scattering  cross  section  than  Sb,  the  obtained  site  occupan¬ 
cies  for  Ni  and  Sb  in  the  context  of  starting  composition  may 
be  taken  to  imply  some  Ni/Sb  disordering. 

On  fitting  the  x-ray  pattern  of  LaNiSb  and  YNiSb  to  a 
hexagonal  structure  with  space  group  P63!mmc  the  follow¬ 
ing  lattice  parameters  are  obtained.  For  YNiSb  a  =4.312(2) 
A,  c=7.778(3)  A  and  for  LaNiSb  a  =4.385(1)  A, 
c=8.476(l)  A. 

Figure  2(a)  shows  a  plot  of  susceptibility  versus  tem¬ 
perature  for  CeNiSb.  The  rise  in  susceptibility  observed  be¬ 
low  5  K  is  due  to  impending  magnetic  ordering.  From  de¬ 
tailed  magnetization  measurements  on  this  compound,4  the 
ordering  is  surmised  to  be  of  ferromagnetic  in  nature.  Figure 
2(b)  shows  a  plot  of  the  electrical  resistivity  versus  tempera¬ 
ture.  A  broad  minimum  at  15  K  is  observed  which  probably 
indicates  Kondo  lattice  behavior  in  this  system.  However,  it 
may  be  mentioned  that  this  feature  in  resistivity  is  somewhat 
sample  dependent  but  may  not  be  due  to  impurity  phases 
since  no  sharp  drop  is  seen.  At  low  temperatures,  a  sharp 
drop  in  the  resistivity  is  observed  due  to  onset  of  magnetic 
ordering.  No  rise  in  the  resistivity  is  observed  at  low  tem¬ 
perature  down  to  2  K,  unlike  that  seen  in  CeRhSb. 


FIG.  3.  Plot  of  heat  capacity  C  vs  temperature  T  for  the  compounds  CeNiSb 
and  LaNiSb  in  the  temperature  range  2-26  K. 


Figure  3  shows  a  plot  of  the  heat  capacity  of  CeNiSb  and 
the  nonmagnetic  analog  LaNiSb.  The  heat  capacity  of 
LaNiSb  is  of  the  form 

C=yT+pT\  (1) 

where  yT  is  the  electronic  contribution  to  the  heat  capacity 
and  pT3  is  the  phonon  contribution.  The  value  of  y  is  ob¬ 
tained  to  be  about  1  mJ/mol  K2  which  is  typical  of  metallic 
systems. 

In  the  case  of  CeNiSb,  the  heat  capacity  (C)  shows  a 
sharp  rise  at  about  5  K  (Fig.  3)  which  is  due  to  an  approach 
to  magnetic  ordering.  In  order  to  obtain  the  magnetic  or  the 
4/  contribution  to  the  heat  capacity  in  CeNiSb,  the  nonmag¬ 
netic  contribution  has  to  be  subtracted.  As  a  first  approxima¬ 
tion,  we  take  the  nonmagnetic  contribution  in  CeNiSb  to  be 
the  same  as  that  of  LaNiSb.  On  subtracting  the  heat  capacity 
of  LaNiSb  from  that  of  CeNiSb,  the  obtained  magnetic  con¬ 
tribution,  AC,  is  plotted  in  Fig.  4.  The  sharp  rise  in  A CIT  vs 
T2  plot  at  5  K  continues  to  be  observed.  Above  14  K,  the 
value  of  A  CIT  is  seen  to  increase  with  temperature  and  on 
extrapolating  A  CIT  to  T—> 0  K,  a  value  of  electronic  specific 
heat  coefficient,  y  of  about  60  mJ/mol  K2  is  obtained  which 
is  quite  high  compared  to  that  of  normal  metallic  systems. 
This  behavior  of  the  heat  capacity  of  CeNiSb  may  be  com¬ 
pared  with  that  of  Ce-based  insulators,  Ce3Bi4Pt3  (Ref.  6) 


FIG.  4.  Plot  of  AC/7-  vs  T2  for  CeNiSb. 
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and  CeRhSb.7  In  the  case  of  Ce3Bi4Pt3,  the  obtained  y  (~3 
mJ/mol  K2)  is  three  times  smaller  than  the  value  for  the  cor¬ 
responding  La  analog.  This  is  indeed  expected,  since  y  is 
directly  proportional  to  the  electronic  density  of  states,  and 
hence  for  a  gapped  system  (where  electronic  density  of  states 
is  very  small)  the  obtained  y  too  should  be  small.  In 
CeRhSb,  it  is  observed  that  below  a  temperature  of  about  8 
K  (i.e.,  in  the  gapped  state)  the  heat  capacity,  though  rela¬ 
tively  large  in  comparison  with  that  of  LaRhSb,  varies  lin¬ 
early  with  temperature,  due  to  the  linear  variation  of  the 
electronic  density  of  states  with  temperature  in  the  insulating 
state.  Thus,  a  large  value  of  y  and  the  absence  of  linear 
variation  of  A  CIT  vs  T  in  CeNiSb,  suggests  that  a  gap  in  the 
electronic  density  of  states  of  the  type  seen  in  CeRhSb  and 
CeNiSn  is  not  observed  in  this  system.  This  is  also  consistent 
with  the  resistivity  behavior  of  CeNiSb.  The  large  value  of 
A  CIT  or  y  above  14  K  is  most  probably  due  to  the  Kondo 
and  crystal  field  effects. 

IV.  CONCLUSIONS 

In  conclusion,  CeNiSb  is  found  to  crystallize  in  the  hex¬ 
agonal  structure  (space  group  P63lmmc).  Magnetization/ 


susceptibility  measurements  indicate  largely  trivalent  Ce  ions 
which  order  magnetically  around  4  K.  A  sharp  rise  in  the 
heat  capacity  of  CeNiSb  is  observed  at  about  5  K  consistent 
with  the  magnetic  ordering  in  this  compound.  A  moderately 
large  value  of  y~60  mJ/mol  K2  is  observed,  which  may  be 
due  to  the  combined  effect  of  crystal  field  and  the  Kondo 
effect.  No  rise  in  the  low-temperature  resistivity  is  observed, 
in  contrast  to  the  situation  in  CeRhSb  and  CeNiSn. 
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The  giant  magnetoresistance  (GMR)  of  magnetic  multilayers  is  usually  considered  as  isotropic,  i.e., 
independent  of  the  direction  of  the  sensing  current  with  respect  to  the  applied  field.  In  spin-valve 
samples  of  the  form  NiFe/Cu/NiFe/FeMn  it  is  possible  to  accurately  determine  the  amplitude  of  the 
GMR  (without  any  contribution  from  the  usual  anisotropic  magnetoresistance)  for  various  direction 
of  the  current  with  respect  to  the  direction  of  the  magnetization  of  the  two  ferromagnetic  layers,  both 
in  the  parallel  and  antiparallel  magnetic  configurations.  In  three  series  of  spin-valve  samples  of  the 
composition  F  %/Cu  rCu/NiFe/FeMn,  we  have  observed  that  the  GMR  amplitude  is  larger  when  the 
current  is  perpendicular  to  the  magnetizations  than  when  it  is  parallel  to  it.  This  intrinsic  anisotropy 
in  the  GMR  shows  a  pronounced  maximum  (relative  amplitude  of  the  anisotropy  of  the  order  of 
10%  at  the  maximum)  for  a  thickness  of  the  ferromagnetic  layer  of  the  order  of  150  A.  In  contrast, 
this  anisotropy  depends  very  weakly  on  the  nonmagnetic  spacer  layer  thickness.  The  results  are 
compared  with  semiclassical  calculations  of  Rijks  et  al  [Phys.  Rev.  B  51,  283  (1995)].  On  another 
respect,  we  have  measured  the  in-plane  (CIP)  and  perpendicular  to  the  plane  (CPP)  giant 
magnetoresistance  of  antiferromagnetically  coupled  (NiFe/Ag)  multilayers.  Particular  attention  has 
been  paid  on  the  variation  of  resistivity  with  the  angle  A  0  between  the  magnetization  in  the 
successive  magnetic  layers.  While  the  CIP  GMR  varies  almost  linearly  with  cos(A0),  the  CPP  GMR 
shows  strong  deviations  from  linearity  especially  at  large  NiFe  thicknesses.  The  results  are 
discussed  in  terms  of  relative  role  of  s-like  and  d- like  electrons  in  CIP  and  CPP  transport.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)56108-X] 


I.  INTRINSIC  ANISOTROPY  OF  THE  GIANT 
MAGNETORESISTANCE  IN  MAGNETIC  MULTILAYERS 

The  giant  magnetoresistance  (GMR)  first  discovered  in 
(Fe/Cr)  multilayers1  and  later  observed  in  a  large  number  of 
transition-metal-based  multilayers  or  sandwiches2,3  is  often 
considered  as  an  isotropic  phenomenon,  i.e.,  the  GMR  am¬ 
plitude  is  independent  on  the  angle  between  the  applied  field 
and  the  sensing  current.1  This  contrasts  to  the  well-known 
phenomenon  of  anisotropic  magnetoresistance  (AMR)4 
which  consists,  in  single  layers  of  ferromagnetic  transition 
metal,  in  a  variation  of  the  resistivity  of  the  material  with  the 
angle  between  the  magnetization  and  the  current.  This  AMR 
is  ascribed  to  the  spin-orbit  coupling  which  tends  to  induce 
an  anisotropic  spin  intermixing  of  the  spin-|  and  spin-j  d 
subbands.  In  a  previous  article,  we  already  reported  some 
preliminary  results  on  spin- valve  samples  of  the  composition 
Si/Co  200  A/Cu  25  A/NiFe  50  A/FeMnl00  A  and  on  mul¬ 
tilayers  of  the  composition  Si/(Co  30  A/Cu  40  A/NiFe  30 
A/Cu  40  A)10  which  clearly  demonstrate  that  the  GMR  is  not 
isotropic.5  The  GMR  amplitude  is  larger  when  the  magneti¬ 
zations  are  perpendicular  to  the  current  than  when  they  are 
parallel  to  it.  In  the  present  experimental  study,  we  measured 


^Permanent  address:  Institute  of  Metal  Physics,  Ekaterinburg  620219,  Rus¬ 
sia,  CIS. 


the  anisotropy  in  GMR  (AGMR)  on  several  series  of  spin- 
valve  sandwiches  comprising  Co  or  Ni  layers.  We  studied  the 
variation  of  the  AGMR  versus  the  thickness  of  the  ferromag¬ 
netic  layers  as  well  as  of  the  nonmagnetic  spacer  layer.  Spin- 
valve  sandwiches  are  particularly  well  suited  for  this  type  of 
experiment.  In  these  systems  indeed,  by  applying  the  field  in 
the  direction  parallel  to  the  direction  of  the  magnetization  in 
the  pinned  layer  (i.e.,  NiFe/FeMn),  one  can  change  the  rela¬ 
tive  orientation  of  the  magnetic  moments  in  the  two  ferro¬ 
magnetic  layers  from  parallel  to  antiparallel  without  chang¬ 
ing  the  angle  between  these  moments  and  the  in-plane 
current,  whatever  its  direction:  parallel  or  perpendicular  to 
the  field.  A  convenient  way  to  proceed  is  to  work  on  a  large 
sample  with  a  square  four-point  probe.  By  permuting  the 
connection  of  one  current  and  one  voltage  contact  without 
touching  the  sample,  nor  changing  the  direction  of  the  ap¬ 
plied  field,  it  is  possible  to  measure  the  GMR  amplitude  both 
parallel  and  perpendicular  to  the  current  (see  the  schematic 
representation  of  the  sample,  contacts,  and  relative  orienta¬ 
tion  of  the  current,  field,  and  magnetic  moments  in  Fig.  1).  In 
this  geometry,  one  is  sure  that  there  is  no  contribution  arising 
from  the  usual  AMR  in  the  difference  of  GMR  amplitude. 

Typical  results  obtained  at  room  temperature  are  shown 
in  Figs.  2  and  3  for  two  spin- valve  structures  of  the  compo¬ 
sition  Si/Co  105  A/Cu  25  A/NiFe  50  A/FeMn  100  A  (Fig.  2) 
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FIG.  1.  Schematic  representation  of  the  four-point  geometry  for  measure¬ 
ment  of  anisotropic  GMR.  The  direction  of  the  exchange  anisotropy  field 
tfex ,  of  the  applied  field  H,  of  the  current  I,  of  the  magnetic  moments  in  the 
two  ferromagnetic  layers  M]  and  M2  are  indicated,  (a)  Magnetic  configu¬ 
ration  parallel  to  the  current,  (b)  magnetic  configuration  perpendicular  to  the 
current. 


FIG.  3.  Magnetoresistance  of  a  spin-valve  sample  of  the  composition  Si/Co 
400  A/Cu  25  A/NiFe  50  A/FeMn  100  A  measured  in  the  two  configurations: 
H  parallel  to  the  current  [configuration  (a)  of  Fig.  1]  and  H  perpendicular  to 
the  current  [configuration  (b)  of  Fig.  1], 


and  Si/Co  400  A/Cu  25  A/NiFe  50  A/FeMn  100  A  (Fig.  3). 
The  shape  of  these  curves  is  normal  for  spin-valve 
sandwiches.5  It  consists  of  two  distinct  loops  associated  with 
the  reversal  of  the  free  and  pinned  magnetic  layers.  In  be¬ 
tween  these  loops,  flat  plateaux  of  resistance  are  observed  in 
which  the  magnetizations  of  the  two  magnetic  layers  are 
single  domain  and  parallel  or  antiparallel  to  each  other.  The 
GMR  amplitude  is  determined  by  the  relative  difference  in 
resistance  between  the  saturation  in  the  direction  parallel  to 
the  exchange  field  created  by  the  FeMn  and  the  first  plateau 
obtained  at  decreasing  field  when  the  magnetization  of  the 
free  layer  (Mx)  has  switched  in  the  direction  opposite  to  the 
magnetization  of  the  pinned  layer  (M2) .  During  the  reversal 
of  Mi,  a  contribution  from  the  AMR  shows  up  especially 
when  the  thickness  of  the  free  layer  is  large  (see  Fig.  3).  This 
AMR  contribution,  however,  does  not  affect  the  determina¬ 
tion  of  the  GMR  amplitude. 

In  all  measured  samples,  we  observed  that  the  GMR 
ratio  A R/Rsat  is  larger  when  the  magnetic  moments  are  per¬ 
pendicular  to  the  current  as  compared  to  the  situation  where 
they  are  parallel  to  it.  This  confirms  our  previous  observation 
that  the  GMR  is  not  fully  isotropic. 

To  go  further,  we  have  studied  the  variation  of  the 
AGMR  versus  the  thickness  of  the  magnetic  and  nonmag¬ 
netic  layers.  The  results  are  shown  in  Figs.  4-6.  When  the 


H(Oe) 


FIG.  2.  Magnetoresistance  of  a  spin-valve  sample  of  the  composition  Si/Co 
105  A/Cu  25  A/NiFe  50  A/FeMn  100  A  measured  in  the  two  configurations: 
H  parallel  to  the  current  [configuration  (a)  of  Fig.  1]  and  H  perpendicular  to 
the  current  [configuration  (b)  of  Fig.  1]. 


thickness  of  the  magnetic  layers  (Co  or  Ni)  is  varied  (Figs.  4 
and  5),  the  GMR  goes  through  a  maximum  for  an  interme¬ 
diate  thickness  of  the  order  of  80-100  A.  We  define  the 
anisotropy  in  GMR  as 


AGMR= 


A  R\ 

/A/?' 

^sat/  ||y 

\  ^saty 

(Ref.  6).  This  quantity  is  negative  for  all  samples  investi¬ 
gated.  In  absolute  value  AGMR  is  maximum  for  an  interme¬ 
diate  thickness  of  the  ferromagnetic  layers  of  the  same  order 
as  the  maximum  of  GMR  itself. 

In  contrast,  when  the  thickness  of  the  nonmagnetic  layer 
is  varied,  a  monotonous  decrease  in  GMR  is  observed  which 
is  usual  in  this  uncoupled  sandwich.  However,  a  striking  re- 


FIG.  4.  (a)  CIP  GMR  vs  the  thickness  of  the  Co  layer,  measured  with  the 
applied  field  parallel  to  the  current  [geometry  of  Fig.  1(a)]  or  perpendicular 
to  the  current  [geometry  of  Fig.  1(b)]  for  a  series  of  spin-valve  sandwiches 
of  the  composition  Co  tCo/Cu  25  A/NiFe  50  A/FeMn  100  A.  (b)  Difference 
in  GMR  amplitude  between  the  two  geometries  vs  the  thickness  of  the  Co 
layer. 
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FIG.  5.  (a)  CIP  GMR  vs  the  thickness  of  the  Ni  layer,  measured  with  the 
applied  field  parallel  to  the  current  [geometry  of  Fig.  1  (a)]  or  perpendicular 
to  the  current  [geometry  of  Fig.  1(b)]  for  a  series  of  spin-valve  sandwiches 
of  the  composition  Ni  fNi/Cu  25  A/NiFe  50  A/FeMn  100  A.  (b)  Difference  in 
GMR  amplitude  between  the  two  geometries  vs  the  thickness  of  the  Ni 
layer. 


FIG.  6.  (a)  CIP  GMR  vs  the  thickness  of  the  Cu  layer,  measured  with  the 
applied  field  parallel  to  the  current  [geometry  of  Fig.  1(a)]  or  perpendicular 
to  the  current  [geometry  of  Fig.  1(b)]  for  a  series  of  spin- valve  sandwiches 
of  the  composition  Co  70  A/Cu  /Cu  NiFe  50  A/FeMn  100  A.  (b)  Difference 
in  GMR  amplitude  between  the  two  geometries  vs  the  thickness  of  the  Cu 
layers. 


suit  is  that  AGMR  is  almost  independent  of  the  Cu  thickness 
in  the  range  of  thicknesses  investigated.  These  experimental 
results  can  be  compared  with  the  semiclassical  calculations 
of  anisotropic  GMR  by  Rijks  et  al.6  In  these  calculations,  the 
authors  predicted  that  the  anisotropic  GMR  could  be  either 
negative  or  positive  depending  on  the  thicknesses  of  the 
magnetic  and  nonmagnetic  layers.  Three  effects  contribute  to 
the  amplitude  of  this  anisotropy,6  as  follows. 

(i)  It  is  known  that  in  bulk  ferromagnetic  transition  met¬ 
als,  the  resistivity  for  each  spin  channel  is  anisotropic.  For 
instance  in  Ni80Fe20,  the  resistivities  in  the  direction  perpen¬ 
dicular  to  the  current  are  given  by4  p±^- 8.8  /ufl  cm,  p^i~96 
p£l  cm  and  therefore  «1=pij/pi|=  10.9,  while  the  resistivi¬ 
ties  parallel  to  the  current  are:  pm=10.0  cm,  pm=93.9 
jutTl  cm,  leading  to  af=p^!p\^=9A.  Therefore,  an  anisotropy 
in  the  asymmetry  ratio  of  the  resistivities  of  spin-J,  and 
spin-|  electrons  exists  in  these  materials.  Since  the  amplitude 
of  the  GMR  is  directly  related  to  this  ratio  of  spin-dependent 
resistivities,  an  anisotropy  in  the  a  ratio  naturally  leads  to  an 
anisotropy  in  GMR.  To  our  point  of  view  this  effect  is  cer¬ 
tainly  the  most  important  one. 

(ii)  When  the  magnetizations  are  parallel  to  the  current, 
the  enhanced  scattering  of  the  electrons  in  this  direction  re¬ 
sults  in  a  relatively  larger  contribution  to  the  current  from 
electrons  with  a  large  velocity  component  perpendicular  to 
the  plane  of  the  layers.  This  results  in  a  positive  contribution 
to  AGMR.6  In  our  experimental  results,  we  do  not  see  the 
expected  change  of  sign  in  AGMR  which  would  be  caused 
by  this  contribution,  even  at  large  thicknesses  of  the  mag¬ 
netic  layers.  This  may  be  due  to  diffuse  scattering  occurring 
not  only  at  outer  boundaries  but  also  at  inner  interfaces. 
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(iii)  The  absolute  value  of  AGMR  is  related  to  the  am¬ 
plitude  of  the  GMR  itself. 

Qualitatively,  our  experimental  observations  fit  rather 
well  with  the  calculations  of  Rijks  et  al  in  the  regime  of 
small  thicknesses  of  the  magnetic  and  nonmagnetic  layer 
(lower-left-hand  comer  of  Fig.  10  of  Ref.  6).  At  small  thick¬ 
ness  of  the  nonmagnetic  layer,  as  the  thickness  of  the  mag¬ 
netic  layer  is  varied,  a  minimum  in  AGMR  is  expected  as 
observed  experimentally.  In  contrast,  at  fixed  thickness  of  the 
magnetic  layer  (of  the  order  of  40-60  A  in  Fig.  10  of  Ref. 
6),  a  very  weak  variation  in  AGMR  versus  the  thickness  of 
the  nonmagnetic  layer  is  expected  despite  a  rapid  decrease  in 
GMR.  This  agrees  also  with  our  observation. 

In  conclusion,  we  have  observed  the  existence  of  an  in¬ 
trinsic  anisotropy  in  the  GMR  in  several  series  of  spin-valve 
sandwiches.  The  GMR  amplitude  is  always  larger  when  the 
magnetizations  are  perpendicular  to  the  current  than  when 
they  are  parallel  to  it.  Our  results  qualitatively  agree  with  the 
semiclassical  calculation  of  Rijks  et  al6  The  absence  of  posi¬ 
tive  anisotropy  in  our  systems  is  probably  due  to  some  inter¬ 
facial  diffuse  scattering. 


So  far,  most  of  the  experimental  studies  of  the  GMR  in 
magnetic  multilayers  have  focused  on  the  influence  of  vari¬ 
ous  parameters  (thicknesses,  conditions  of  preparation,  tem¬ 
perature)  on  the  maximum  amplitude  of  the  magnetoresis¬ 
tance,  i.e.,  the  change  of  resistance  between  the  parallel  and 
antiparallel  magnetic  configurations.  In  contrast,  very  few 
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II.  ANGULAR  VARIATION  OF  THE  CIP  AND  CPP 
(GMR)  IN  (NiFe/Ag)  MULTILAYERS 


FIG.  7.  (a)  Magnetization  curves  at  room  temperature  for  a  series  of  multi¬ 
layers  of  the  composition  Si/(NiFe  ?NiFe/Ag  11  A)20.  Inset:  Magnetization 
curves  in  reduced  units  of  M/Msat ,  (i////sat).  (b)  CIP  magnetoresistance  for 
the  same  set  of  samples  as  in  (a).  The  thicknesses  of  the  NiFe  layers  are 
labeled  in  (b). 


experimental7-10  and  theoretical  studies11,12  have  addressed 
the  variation  of  resistance  versus  the  angle  between  the  mag¬ 
netizations  in  the  successive  magnetic  layers.  However,  mea¬ 
surements  of  these  angular  variations  are  quite  useful  since 
they  may  provide  insights  on  the  role  played  by  the  interfa¬ 
cial  potential  barriers  in  the  GMR  mechanism.11,12  So  far,  all 
detailed  measurements  of  the  angular  variation  of  CIP  GMR 
have  led  to  a  linear  variation  of  resistivity  with  the  cosine  of 
the  angle  between  the  magnetizations  in  the  successive  mag¬ 
netic  layers.7-10 

We  have  carried  out  a  determination  of  the  angular  varia¬ 
tion  of  the  CIP  and  CPP  GMR  in  a  series  of  Si/Si02/(NiFe 
tNi Fe/Ag  11  A )n  multilayers  prepared  by  magnetron  sputter¬ 
ing.  The  substrate  temperature  was  maintained  at  77  K  dur¬ 
ing  deposition  in  order  to  obtain  a  good  structural  quality 
with  flat  Ag  layers.13  For  11  A  of  Ag,  the  NiFe  layers  are 
antiferromagnetically  coupled.  Figure  7(a)  shows  the  magne¬ 
tization  curves  for  a  series  of  samples  with  20  periods.  They 
are  reversible  with  zero  remnant  magnetization.  The  satura¬ 
tion  field  varies  as  the  inverse  of  the  thickness  of  the  NiFe 
layers.  Such  variation  results  from  a  balance  between  the 
volume  Zeeman  energy  (M stmFeHsax)  and  the  interlayer  cou¬ 
pling  energy  which  is  a  surface  energy  J.  In  reduced  units 
(H/Hsat,  M/Msat),  all  curves  fit  on  a  single  line  [see  inset  of 
Fig.  7(a)].  The  curvature  of  this  line  indicates  that  a  biqua¬ 
dratic  coupling  exists  in  these  multilayers  in  addition  to  the 
antiferromagnetic  bilinear  coupling.14  A  detailed  analysis  of 
these  curves  will  be  published  in  a  forthcoming  article.15 
Because  the  interlayer  coupling  is  predominantly  antiferro¬ 
magnetic,  the  magnetization  process  occurs  via  a  coherent 
rotation  of  the  magnetization  of  the  NiFe  layers.  Since  no 
significant  magnetic  anisotropy  is  observed  in  these  multilay¬ 
ers  and  neglecting  the  effect  due  to  the  finite  number  of 


(M/Msat)2  a  cos(A0) 

FIG.  8.  CIP  resistance  at  room  temperature  vs  (M/Msat)2  which  is  propor¬ 
tional  to  the  cosine  of  the  angle  between  the  magnetization  in  the  successive 
ferromagnetic  layers,  for  the  same  series  of  (NiFe/Ag  11  A)20  multilayers  as 
in  Fig.  7. 


bilayers,  one  can  consider  that  the  magnetic  moments  of  two 
successive  NiFe  layers  rotate  symmetrically  with  respect  to 
the  field.  The  cosine  of  the  angle  between  the  magnetizations 
of  two  successive  layers  is  then  proportional  to  the 
(M/Msat)2.  This  relationship  will  be  used  further  to  deter¬ 
mine  the  angular  variation  of  the  CIP  GMR  in  these  multi¬ 
layers. 

The  CIP  GMR  of  this  series  of  multilayers  is  plotted  in 
Fig.  7(b).  The  amplitude  of  the  CIP  GMR  is  maximum  for  an 
intermediate  thickness  of  the  NiFe  layers  of  the  order  of  20 
A.  However,  since  the  saturation  field  monotonously  de¬ 
creases  with  the  thickness  of  the  NiFe  layers,  the  maximum 
sensitivity  s  —  AR/R/Hsat  is  obtained  at  large  NiFe  thick¬ 
nesses  (above  80  A). 

In  Fig.  8  the  data  of  Figs.  7(a)  and  7(b)  have  been  com¬ 
bined  in  order  to  plot  the  CIP  GMR  versus  (Af/Msat)2  which 
represents  cos(A0),  i.e.,  the  cosine  of  the  angle  between  the 
magnetization  in  the  successive  NiFe  layers.  The  AMR  is 
rather  small  in  the  present  multilayers  as  compared  to  the 
CIP  GMR  (0.5%  in  the  multilayer  with  the  thickest  NiFe 
layers).  Therefore,  no  correction  has  been  made  to  subtract 
the  contribution  from  the  AMR  to  the  measured  magnetore¬ 
sistance.  Within  the  accuracy  of  the  measurement,  a  linear 
variation  of  A R/R  vs  cos(A0)  is  observed  in  the  interval 
0.1<(M/Msat)2<0.9.  The  deviation  from  linearity  close  to 
saturation  can  be  ascribed  to  some  paramagnetic  or  super- 
paramagnetic  entities  at  the  interfaces.  Once  the  magnetic 
moments  of  the  NiFe  layers  have  completed  their  rotation 
toward  the  direction  of  the  applied  field,  these  fluctuations 
still  require  higher  fields  to  be  saturated.  They  can,  therefore, 
explain  the  small  tails  observed  in  Fig.  8  close  to  saturation. 
On  the  other  side,  at  low  fields,  one  cannot  exclude  the  ex¬ 
istence  of  a  small  fraction  of  ferromagnetically  coupled  re¬ 
gions  which  would  give  large  change  of  magnetization  with¬ 
out  change  in  resistance.  This  would  lead  to  a  plateau  of  R  vs 
M2  as  observed  in  Fig.  8  at  low  magnetization  values;  how¬ 
ever,  the  almost  linear  variation  of  R(M2)  observed  on  a 
large  range  of  angle  A  6  means  that,  according  to  the  theory 
of  Vedyaev  et  al, 11,12  the  electrons  which  contribute  the 
most  to  the  CIP  GMR  do  not  feel  interfacial  potential  barri¬ 
ers  and  therefore  are  predominantly  .s'-like  electrons. 
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FIG.  9.  CPP  resistance  at  4  K  vs  the  CIP  resistance  at  4  K  for  a  series  of 
multilayers  of  the  composition  (NiFe  ?NiFe/Ag  11  A)50. 


We  have  also  measured  the  CPP  GMR  of  some  of  these 
(NiFe/Ag)  multilayers.  The  technique  used  is  based  on  the 
measurements  of  very  low  resistance  on  macroscopic 
samples  sandwiched  between  superconducting  Nb  leads,16 
described  in  detail  in  Ref.  17.  The  detailed  analysis  of  the 
results  will  be  published  in  a  forthcoming  article.18  We  want 
here  to  focus  on  the  angular  variation  of  the  CPP  GMR  as 
compared  to  that  of  the  CIP  GMR.  In  order  to  extract  the 
angular  variation  of  the  CPP  GMR  in  these  NiFe/Ag  multi¬ 
layers,  we  measured  the  CIP  and  CPP  GMR  of  a  series  of 
antiferromagnetically  coupled  multilayers  of  the  composition 
Nb/(NiFe%Fe/Agll  A)50/Nb.  The  CIP  and  CPP  measure¬ 
ments  are  carried  out  on  the  same  samples  at  4  K.  However, 
the  part  of  the  sample  used  for  CIP  measurements  does  not 
have  the  Nb  buffer  layer  while  the  CPP  part  has  it.  This  does 
not  seem  to  affect  the  magnetic  behavior  of  the  samples  since 
exactly  the  same  saturation  fields  are  obtained  in  CIP  and 
CPP  measurements.  As  already  observed  in  previous  CPP 
measurements  on  magnetic  multilayers,16  the  CPP  GMR  am¬ 
plitude  is  larger  than  the  CIP  amplitude.  Contrary  to  the  CIP 
GMR,  the  CPP  GMR  increases  monotonously  with  the  thick¬ 
ness  of  the  NiFe  layers  (from  20%  for  fNiFe=23  A  to  50%  for 
rNiFe=130  A).  This  increase  in  the  CPP  GMR  can  be  easily 
understood  in  a  model  of  serial  resistors  which  is  valid  in  the 
present  case.  The  thickness  of  the  Ag  layers  is  indeed  much 
smaller  than  the  spin-flip  diffusion  length.19  We  then  plotted 
the  CPP  resistance  versus  the  CIP  resistance  as  a  function  of 
the  applied  field  (Fig.  9).  According  to  the  discussion  of  Fig. 
8,  we  assumed  that  the  CIP  GMR  varies  linearly  with 
cos(A0).  The  plot  of  Fig.  9  then  directly  gives  a  representa¬ 
tion  of  the  angular  variation  of  the  CPP  GMR.  It  is  observed 
that  the  angular  variation  of  the  CPP  GMR  is  almost  linear 
with  cos(A0)  at  small  NiFe  thicknesses  but  shows  increasing 
deviations  from  linearity  at  large  NiFe  thicknesses.  These 
deviations  cannot  be  ascribed  to  a  contribution  from  the 
AMR  in  the  CIP  measurements  since  this  AMR  is  quite  small 
as  compared  to  the  GMR.  The  exact  meaning  of  these  devia¬ 
tions  is  not  yet  clear  since  no  theoretical  model  of  the  angu¬ 
lar  variation  of  the  CPP  GMR  exists  so  far.  In  particular,  why 
are  they  larger  at  large  NiFe  thicknesses  than  at  small  thick¬ 
nesses?  This  may  be  related  to  the  role  played  by  the  inter- 
facial  potential  barriers  in  the  CPP  transport.  Vedyaev  et  al 
showed  that  in  CPP  transport,  a  potential  step  at  an  interface 
between  two  semi-infinite  metallic  layers  leads  to  spatial  os¬ 


cillations  in  electric  field  on  both  sides  of  the  interface.20 
These  oscillations  result  in  an  additional  interfacial  resis¬ 
tance  proportional  to  the  square  of  the  barrier  height.  It  may 
happen  that  at  small  NiFe  thicknesses,  because  of  the  rough¬ 
ness  of  the  layers,  interferences  between  the  successive  in¬ 
terfaces  are  smeared  out  leading  to  little  effect  of  the  poten¬ 
tial  barriers.  In  contrast,  at  large  thicknesses,  such  inter¬ 
ferences  do  not  occur  so  that  the  potential  barriers  could  play 
a  more  effective  role. 

111.  CONCLUSION 

In  conclusion,  we  have  demonstrated  the  existence  of  an 
intrinsic  anisotropy  in  the  CIP  GMR  of  magnetic  multilayers 
which  is  due  to  an  anisotropy  in  the  ratio.  This 

anisotropy  has  been  measured  in  several  series  of  spin-valve 
sandwiches  comprising  Co,  Ni,  and  Cu  layers  of  various 
thicknesses.  The  results  qualitatively  agree  with  semiclassi- 
cal  calculations  of  Rijks  et  al 6 

On  another  respect,  we  have  determined  the  angular 
variation  of  the  CIP  and  CPP  GMR  in  (NiFe/Ag)  multilayers. 
The  CIP  GMR  is  found  to  vary  linearly  with  the  cosine  of  the 
angle  between  the  magnetization  in  the  successive  magnetic 
layers  while  the  CPP  GMR  shows  deviations  from  linearity 
especially  at  large  NiFe  thicknesses.  The  linearity  observed 
for  the  CIP  GMR  indicates  that  the  electrons  which  contrib¬ 
ute  the  most  to  the  CIP  GMR  are  not  sensitive  to  interfacial 
potential  barriers.  The  meaning  of  the  deviations  in  CPP 
GMR  is  not  yet  clear. 
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Theory  of  the  temperature  dependence  of  giant  magnetoresistance  (invited) 
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The  temperature  dependence  of  the  giant  magnetoresistance  (GMR)  for  currents  parallel  and 
perpendicular  to  the  multilayer  plane  is  discussed  by  taking  account  of  the  random  exchange 
potentials,  phonon  scatterings,  and  spin  fluctuations.  The  effect  of  spin  fluctuations,  which  plays  an 
important  role  at  finite  temperatures,  is  included  by  means  of  the  static  functional-integral  method 
developed  previously  by  the  present  author.  Our  model  calculations  well  explain  the  observed 
features  of  the  parallel  and  perpendicular  GMR  of  Fe/Cr  and  Co/Cu  multilayers  recently  reported  by 
Gijs  et  al  [Phys.  Rev.  Lett.  70,  3343  (1993);  Phys.  Rev.  B  50,  16  733  (1994)].  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)56208-6] 


I.  INTRODUCTION 

The  giant  magnetoresistance  (GMR)1  in  magnetic  multi¬ 
layers  is  one  of  the  most  attractive  subjects  in  current  solid- 
state  physics.  In  recent  years  much  progress  has  been  made 
in  understanding  the  GMR  and  its  related  phenomena.1  One 
of  the  important  aspects  of  the  GMR  is  its  temperature  de¬ 
pendence.  A  careful  study  of  the  temperature  dependence  of 
GMR  is  not  only  important  in  understanding  its  mechanism 
but  also  very  useful  regarding  its  realistic  applications.  Most 
of  the  magnetic  multilayers  are  fabricated  with  transition 
metals  such  as  Fe,  Ni,  and  Co.  It  would  be  instructive  to 
briefly  discuss  the  temperature  dependence  of  the  resistivity 
of  bulk  transition  metals,  before  we  study  the  temperature 
dependence  of  the  GMR  or  of  the  resistivity  of  transition- 
metal  multilayers.  It  has  been  reported  that  when  the  tem¬ 
perature  is  raised  from  T=0  K,  the  resistivity  of  Fe  (Ref.  2) 
or  Co  (Ref.  3)  gradually  increases  up  to  the  Curie  tempera¬ 
ture,  where  it  has  a  cusp  (see  Fig.  1).  This  characteristic 
temperature  dependence  of  the  resistivity  is  interpreted  as 
due  to  the  contributions  from  impurity,  phonon,  and  mag¬ 
netic  terms.  The  last  contribution  is  classically  discussed  as 
spin-disorder  scatterings  with  the  use  of  the  s-d  model.4 
Lately,  a  modem  theory  on  the  itinerant-electron  magnetism 
has  accounted  for  it  in  terms  of  spin  fluctuations.5 

It  has  been  well  known  that  d  electrons  in  transition 
metals  show  both  localized  and  itinerant  character.  The 
Curie-Weiss  susceptibility  and  the  large  specific  heat  peak 
near  the  Curie  temperature  are  easily  explained  by  the  local¬ 
ized  spin  model  whereas  the  nonintegral  ground-state  mo¬ 
ment  and  the  large  linear  specific  heat  coefficient  favor  the 
band  model.  It  has  been  realized  that  the  effect  of  spin  fluc¬ 
tuations  plays  essential  roles  to  reconcile  the  duality  of  d 
electrons.6  The  finite-temperature  band  theory,  which  has 
been  proposed  by  the  author,7  includes  the  effect  of  spin 
fluctuations  by  means  of  the  static  functional-integral  method 
combined  with  the  coherent  potential  approximation  (CPA). 
Spin  fluctuations  including  spin  waves  are  shown  to  yield  the 
T2  contribution  to  the  resistivity  at  T— 0  by  several 
approaches.8  This  type  of  theory8  is,  however,  valid  only  at 
very  low  temperatures.  In  our  finite-temperature  theory,7  spin 
fluctuations  are  regarded  as  localized,  static  modes  with  the 
adopted  approximations.  This  method  has  proved  useful  in 
understanding  the  overall  finite-temperature  properties  of 
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transition  metals,  alloy,  and  multilayers,9  both  below  and 
above  the  Curie  temperature. 

By  employing  the  finite-temperature  band  theory,7  we 
discussed  in  previous  articles10  the  temperature  dependence 
of  the  MR  ratio  for  currents  parallel  to  the  multilayer  plane. 
The  observed  temperature  dependences  of  Fe/Cr  (Ref.  11), 
NiCo/Cu,  NiFe/Cu,  and  CoFe/Cu  (Ref.  12)  multilayers  have 
been  shown  to  be  well  explained  by  our  theory.  It  has  been 
pointed  out10^  that  a  multilayer  in  which  the  normal  and 
inverse  GMR13  coexist  may  have  an  interesting  temperature 
dependence  beneficial  for  real  applications. 

One  of  the  purposes  of  the  present  article  is  to  generalize 
our  theory10  to  the  perpendicular  GMR,  whose 
experimental14”16  and  theoretical  study17-19  has  been  cur¬ 
rently  performed.  The  other  purpose  is  to  include  the  phonon 
contribution  to  the  conductivity  calculation,  which  was  ne¬ 
glected  in  our  previous  study.10  The  article  is  organized  as 
follows:  In  Sec.  II,  we  present  our  formulation  applying  our 
finite-temperature  band  theory  to  the  GMR.  Numerical  cal¬ 
culations  of  the  parallel  and  perpendicular  GMR  of  Fe/Cr 
and  Co/Cu  multilayers  are  reported  in  Sec.  III.  Supplemen¬ 
tary  discussions  are  given  in  Sec.  IV. 


FIG.  1.  The  temperature  dependence  of  the  observed  resistivity  (circles)  of 
(a)  bulk  Fe  (Ref.  2)  and  (b)  Co  (Ref.  3);  the  calculated  resistivity  R(T)  and 
its  phonon  term  Rp(T )  above  Tc  are  shown  by  solid  and  dotted  curves, 
respectively,  results  being  normalized  by  RC~R(TC). 
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II.  CALCULATION  METHOD 

A.  An  adopted  model  and  the  expression  of  GMR 

We  adopt  an  A/B  multilayer  consisting  of  magnetic  A 
and  nonmagnetic  B  atoms  with  the  simple-cubic  (001)  inter¬ 
face.  The  layer  parallel  to  the  interface  is  assigned  by  the 
index  n(=  1  —Nf),  Nf  being  the  thickness  of  the  multilayer. 
It  is  assumed  that  atoms  A  and  B  are  randomly  distributed  on 
layer  n  with  the  concentrations  of  and  yn ,  respectively 
(xn  +  y„  =  1).  The  multilayer  is  described  by  the  single-band 
Hubbard  model,  in  which  the  atomic  potential  (the  on-site 
interaction)  is  assumed  to  be  given  by  e*  and  6s  (UA  and 
UB)  when  a  given  lattice  site  is  occupied  by  A  and  B  atoms, 
respectively. 

In  order  to  study  the  finite-temperature  properties  of  the 
magnetic  film,  we  apply  the  functional-integral  method 
within  the  static  approximation  to  the  Hubbard  Hamiltonian.7 
The  partition  function  is  evaluated  by  calculating  the  parti¬ 
tion  function  of  the  effective  one-electron  Hamiltonian  in¬ 
cluding  the  random  charge  and  exchange  fields  with  the 
Gaussian  weight.  The  charge  field  is  included  by  the  saddle- 
point  approximation  and  the  exchange  field  by  the  alloy- 
analogy  approximation  with  the  CPA.  The  energy-dependent 
coherent  potential  for  an  s -spin  electron  s(  =  T>l)  on  the 
layer  n,  2ws(e),  is  determined  by  the  CPA  condition.  The 
coherent  potentials,  the  average  of  the  magnetic  moments  on 
the  layer  n,  ( Mn ),  and  its  root-mean- square  (rms)  value, 
<(MJ2>1/2,  are  calculated  self-consistently,  details  having 
been  given  in  Ref.  7. 

When  we  employ  the  CPA,  the  conductivity  of  the  film 
is  given  by19 


the  mean  free  path  and  sufficiently  thin  compared  with  the 
spin  diffusion  length.17  Analytic  expressions  for  the  conduc¬ 
tivity  have  clear  physical  meaning.  When  currents  flow  par¬ 
allel  to  the  plane,  an  s-spin  electron  propagating  successively 
from  a  site  on  layer  n  to  a  site  on  layer  m  is  scattered  with 
the  strength  proportional  to  Ans  and  Ams ,  respectively,  and 
its  conductivity  is  given  as  a  sum  of  such  processes  with  the 
weight  of  anmsrnms}°  On  the  contrary,  in  the  case  of  the 
perpendicular  current,  the  s-spin  conductivity  is  given  as  of  a 
series  circuit  of  resistivities  on  successive  layers,  each  of 
which  is  proportional  to  ABJ  ,18  In  both  cases,  the  total  con¬ 
ductivity  is  a  sum  of  the  up-  and  down-spin  channels.  The 
so-called  spin-flip  process  is  implicitly  included  through  the 
spin-fluctuation  term  which  is  responsible  to  a  decrease  in 
layer  magnetization,  as  will  be  shown  shortly.  In  the  follow¬ 
ing  subsection,  we  employ  our  formalism  in  a  semiphenom- 
enological  way  to  discuss  the  temperature  dependence  of  the 
MR  ratio. 


B.  A.  semiphenomenological  study  of  GMR 

We  adopt  a  system  consisting  of  magnetic  (Mx  ,M2)  and 
nonmagnetic  (Nx  ,N2)  layers,  whose  thickness  are  M  and  N, 
respectively.  For  a  simplicity  of  calculation,  we  take  into 
account  only  the  bulk  scattering,  although  the  interface  scat¬ 
tering  is  expected  to  be  also  important  in  magnetic  multilay¬ 
ers  (related  discussion  is  given  in  Sec.  IV).  When  magnetic 
moments  on  and  M2  layers  are  in  the  antiferromagnetic 
(AF)  configuration,  the  coherent  potentials  are  assumed  to  be 
given  by  2ns  =  As-iAs,  A_,-iA_,f  and  A0-iA0  for 
n  eMj,  «eM2  and  nsN{  (or  N2),  respectively.10  Using 
Eqs.  (2)-(5),  we  get  the  parallel  and  perpendicular  conduc¬ 
tivities  given  by  10 


(€,7/=x9y,z), 


(1) 


provided  the  vertex  correction  is  neglected.  In  Eq.  (1)  is 
the  velocity  operator  and  G  is  the  Green ’s-function  matrix. 
The  conductivities  for  currents  parallel  (II)  and  perpendicular 
(1)  to  the  film  layer  are  given  by10,18,19 
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where  A„s=Re  2ni(e),  A„=|Im2„(e)|,  2ns  is  the  coher¬ 
ent  potential  of  an  5-spin  electron  on  layer  n,  and  anls  and  vk 
are  specified  by  the  electronic  structure  of  the  film  [see  Eqs. 
(19)  and  (20)  in  Ref.  10(a)].  Equations  (2)-(5)  are  valid 
when  the  thicknesses  of  the  A  and  B  layers  are  thinner  than 
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with 


and  cNN,  cMN,  and  dN  are  given  by  similar  expressions.  We 
employed  the  T=  0  limit  of  Eqs.  (2)  and  (3)  because  the 
relevant  temperature  is  much  less  than  the  Fermi  energy  eF. 
In  Eqs.  (6)-(9)  i /=i/(6f),  Nf=2(M  +  N),  and  the  spin  de¬ 
pendence  in  anms  and  rnms  is  neglected  which  can  be  justi¬ 
fied  within  the  Bom  approximation.  Subscripts  MM,  NN , 
and  MN  denote  the  contributions  from  the  interlayer  scatter¬ 
ings  between  magnetic  layers,  between  nonmagnetic  layers, 
and  between  magnetic  and  nonmagnetic  layers,  respectively. 
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On  the  contrary,  the  single  subscript  M(N)  expresses  the 
contribution  from  the  intralayer  scatterings  within  magnetic 
(nonmagnetic)  layers. 

On  the  contrary,  when  magnetic  moments  on  the  subse¬ 
quent  magnetic  layers  are  in  the  ferromagnetic  (F)  configu¬ 
ration,  the  coherent  potentials  are  given  by  =  As  -  iAs 
and  A0-/A0  for  nsMl  (or  M2)  and  neNl  (or  N2 ), 
respectively.10  We  get  the  parallel  and  perpendicular  conduc¬ 
tivities  given  by10 
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The  MR  ratio  AR/R  is  given  from  Eqs.  (6),  (7),  (10),  and 
(11)  by 
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In  Eq.  (14)  g0,  g{ ,  and  g2  are  defined  by 
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The  expression  for  (AR/R)1  given  by  Eqs.  (12)  and  (15)  is 
just  the  same  as  that  derived  by  Edwards  and  co-workers20 
using  the  resistor  network  model  and  has  been  employed  for 
an  analysis  of  experimental  data  on  the  perpendicular 
GMR.14 

The  temperature  dependence  of  the  GMR  arises  from 
those  of  a  and  fi,  which  are  expressed  in  terms  of  the  coher¬ 
ent  potentials  of  the  film  [Eq.  (13)].  The  imaginary  part  of 
the  coherent  potential  in  the  magnetic  (Mx  or  M2)  layer  is 
given  within  the  Bom  approximation  by10 

a,=a;+a:+a?,  a?) 


with 


AJ=7 rpsxy 


(18) 


A*=w(y]  [<(Ma)2)-(Ma)2]>  (19) 

Aps  =  PmPsZ(T/6m),  (20) 

where  ^  and  e®  are  the  spin-independent  Hartree-Fock  po¬ 
tentials  and  ps  is  the  density  of  states  of  an  s-spin  electron  at 
the  Fermi  level.  The  first  term  (Ars)  in  Eq.  (17)  arises  from 
the  scattering  due  to  random  Hartree-Fock  potentials  for  an 
s- spin  electron;  the  second  term  (A*)  comes  from  the  effect 
of  spin  fluctuations;  the  third  term  (A£)  is  introduced  for 
phonon  scatterings  whose  explicit  form  will  be  given  shortly 
[Eq.  (37)]. 

On  the  other  hand,  the  imaginary  part  of  the  coherent 
potential  in  the  nonmagnetic  (N{  or  N2)  layer,  is  given  by 


A0  =  Ar0  +  Pnp0Z(T/Qn)i  (21) 

where  the  first  and  second  terms  denote  the  contributions 
from  random  potentials  and  phonons,  respectively,  and  p0  is 
the  density  of  states  at  the  Fermi  level  of  the  nonmagnetic 
metal.  In  Eqs.  (20)  and  (21)  0m  and  0„  are  Debye  tempera¬ 
tures,  and  Pm  and  Pn  are  related  with  the  electron-phonon 
interactions  in  magnetic  and  nonmagnetic  metals. 

Using  Eqs.  (13)  and  (17)— (21),  we  get  a  and  fi  given  by 


[i  +  y(r)]Wfi+m(r)]2+^(T)2-m(r)2]+Pmz(r/ej} 

“  [1  +p0Z(TIQn)] 

[1  -  y(T)]{jcy[g-OT(r)]2  +  x[^(T)2-OT(r)2]+pmZ(T/em)} 

P~A  [i  +p0z(T/en)] 


(22) 

(23) 


with 
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(27) 

B=  (2/  UaM0)(  £b  —  i  A) , 

(28) 

pm  =  Pm/ir(UAM0/2)2, 

(29) 

P0~P  nP0^Q  =  pmA(Pn/Pm)(p0/p), 

(30) 

where  p=(l/2)(pT+p^)  and  M0  is  the  ground-state  magnetic 
moment. 

At  1=0  K  where  m(0)  =  p,(0)=l  and  y(0)=y0,  Eqs. 
(22)  and  (23)  become 

aQ=a(T=0)=xyA{l  +  yo)(B+\)'1,  (31) 
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p0=/3(T=0)=xyA(l-y0)(B-l)2,  (32) 

from  which  the  coefficients  A  and  B  are  expressed  in  terms 
of  a0,  /30,  and  y0  as 
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The  normalized  magnetic  moment  m{T)  and  its  rms 
value  fju(T)  are  in  principle  calculated  with  the  use  of  the 
finite-temperature  band  theory.9^  We  here,  however,  adopt 
simple,  analytic  expressions  of  m(T)  and  fx{T)  for  our 
model  calculation,  given  by10 

m(T)  =  ^l-(T/Tc7,  At(r)='  1.  (35) 


The  temperature  dependence  of  the  spin  asymmetry  y(T) 
defined  by  Eq.  (26)  is  assumed  to  be  given  by 


y(T)  =  y0m(T). 


(36) 


As  for  the  phonon  contribution  given  by  Z(770m)  in  Eqs. 
(20)  and  (21),  we  adopt  the  simple  Griineisen  function, 


l  T  \  I  T  \5  (VJT  i  z5 

zleJ=leJ  Jo  dz(e*-m-e-T 


(37) 


which  is  124.43  (770, „)5  at  770m<S  1  and  77 46m  at 

T/Qm>l. 

Now  we  may  calculate  the  MR  ratios,  (A R/R)  and 
(AR/R)1,  as  a  function  of  temperature  with  the  use  of  Eqs. 
(12),  (14),  (15),  (22),  (23),  (33>— (37),  when  we  treat  a0,  /30, 
%,  go>  gu  S2 .  Tc ,  em ,  e„ ,  pm ,  Po ,  and  y  as  input  param¬ 
eters.  Our  strategy  for  calculating  the  temperature-and  layer- 
thickness-dependent  MR  ratio  is  as  follows:  We  first  deter¬ 
mine  the  parameters  a(j,  /?0,  and  y0  to  be  consistent  with  the 
band  calculation,  and  also  g0,  £i  >  an^  #2  s0  as  t0  reproduce 
the  N  dependence  of  the  observed,  ground-state  parallel 
GMR.  Then  fixing  there  six  parameters  thus  determined,  we 
calculate  the  finite-temperature  GMR  with  the  additional  pa¬ 
rameters  Tc,  6,„ ,0„,pm,Pn>  and  y,  which  can  be  prop¬ 
erly  chosen  as  is  discussed  in  the  model  calculations  of  the 
following  section. 


III.  MODEL  CALCULATIONS 
A.  Fe/Cr  multilayers 

Gijs  and  co-workers  have  observed  both  the  parallel  and 
perpendicular  GMR  for  a  sample  of  (3  nm  Fe+1.0  nm  Cr) 
multilayer,  whose  results  are  plotted  by  circles  and  squares  in 
Fig.  2,  respectively. 

First  we  consider  the  case  of  T—4.2  K.  We  determine 
the  value  of  y0=0.4  from  the  ground-state  band  calculation 
of  p]/pi~ 2.3.21  We  adopt  a0= 7.9  and  yS0=1.0,  leading  to 
5  =  3.38  [Eq.  (34)],  which  is  consistent  with  the  value  esti¬ 
mated  from  Eq.  (28)  by  using  the  band  parameters  such  as 
e*36,  etc.  We  choose  the  parameters  of  g0  =0.045,  g,  =0.77, 


FIG.  2.  The  temperature  dependence  of  the  parallel  (II)  and  perpendicular 
AR/R(1)  of  (3  nm  Fe+1.0  nm  Cr)  multilayers.  Dotted,  solid,  and  dashed 
curves  denote  the  calculated  results  with  y =0.002,  0.005,  and  0.01,  respec¬ 
tively,  circles  (squares)  expressing  the  observed  parallel  (perpendicular) 
GMR  (Ref.  15). 


and  g2=3.05,  such  that  we  have  a  good  fit  to  the  envelope  of 
the  observed  layer-thickness  ( /_y)  dependence  of  parallel 
GMR  in  (3  nm  Fe+rw  Cr)  multilayers.11 

Next  we  consider  the  MR  ratio  at  finite  temperatures.  We 
assume  the  Curie  temperature  of  the  multilayer  of  7  r  =  1 000 
K  because  the  thickness  of  the  Fe  layers  of  the  adopted  Fe/Cr 
multilayers11,15  is  sufficiently  thick  to  sustain  the  Curie  tem¬ 
perature  of  bulk  Fe.  The  Debye  temperatures  of  Fe  and  Cr 
are  assumed  to  be  0m  =  0„=46O  K.  The  phonon  parameters 
pm  and  po  can  be  determined  as  follows:  The  total  resistivity, 
R,  of  a  pure,  bulk  metal  is  given  from  Eqs.  (2),  (3),  and  (22) 
by 
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from  which  the  ratio  of  the  phonon  contribution  Rp  to  the 
total  resistivity  at  T=TC  is  given  by 

rp=Rp(Tc)/R(Tc)=pmZ(Tc/em)/[l+PmZ(Tc/em)]. 

The  value  of  pm= 0.69  is  chosen  from  the  experimental  data 
of  rp=0.21  of  bulk  Fe  [Fig.  1(a)].2  We  calculate  p0  by 
p0=pmA(Po/p)  derived  from  Eq.  (30)  with  Pn-Pm  and 
Po/p=0.7.21  The  solid  curve  in  Fig.  1(a)  expresses  the  resis¬ 
tivity  R(T )  of  bulk  Fe  calculated  by  using  Eqs.  (35),  (37), 
and  (38)  with  y0=0.4  and  pm= 0.69,  which  well  reproduces 
the  observed  data.2 

The  last  parameter  y ,  which  expresses  a  concentration  of 
nonmagnetic  atoms  in  the  magnetic  layer  and  which  depends 
on  a  sample  employed  in  an  experiment,  is  treated  as  an 
adjustable  parameter.  The  parallel  and  perpendicular  GMR  of 
the  Fe/Cr  multilayer  calculated  with  y  =  0.002,  0.005,  and 
0.01  are  shown  in  Fig.  2.  Our  calculation  with  y  —  0.005  well 
explains  both  the  (A R/R)"  and  (A R/R)1  observed  by  Gijs 
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FIG.  3.  The  temperature  dependence  of  Aj  of  up-spin  (solid  curves)  and 
down-spin  electrons  (dashed  curves)  calculated  with  y  —  0.005  for  the  (3  nm 
Fe+1.0  nm  Cr)  multilayer.  Also  shown  are  their  decomposition  to  various 
contributions  from  the  random  exchange  potentials  (AJ),  spin  fluctuations 
(AJ),  and  phonons  (AJ),  the  calculated  results  being  normalized  by 
Ac=A5(rc). 


and  co-workers.15  The  strong  temperature  dependence  of 
GMRs  mainly  comes  from  (a-fi)2/4af3  in  Eq.  (12);  that  of 
X11  and  X 1  is  fairly  weak. 

In  order  to  study  the  temperature  dependence  of  the 
GMR  in  more  detail,  we  show  in  Fig.  3,  As  (s  =  T>l)  as  a 
function  of  the  temperature.  When  the  temperature  is  raised, 
Aj  and  Aj  increase  because  of  the  contributions  from  spin 
fluctuations  and  phonons.  Then  the  ratio  AT/A|(=a//3) 
changes  from  7.9  at  7=0  to  unity  at  T^TC.  Figure  3  also 
shows  the  decomposition  of  A  ^  to  various  contributions  from 
random  potentials  (A£),  spin  fluctuations  (AJ),  and  phonon 
(AJ).  We  note  that  at  A7A=0.70,  A7A=0.26,  and 

A7A/7=2.65.  This  shows  a  significant  spin-fluctuation  con¬ 
tribution,  as  suggested  from  the  resistivity  data  of  bulk  Fe.2 


FIG.  4.  The  temperature  dependence  of  the  parallel  (II)  and  perpendicualr 
AR/R(±)  of  (1.2  nm  Co+1.1  nm  Cu)  multilayers.  Dotted,  solid,  and  dashed 
curves  denote  the  calculated  results  withy  =  0.002,  0.005,  and  0.01,  respec¬ 
tively,  circles  (squares)  expressing  the  observed  parallel  (perpendicular) 
GMR  (Ref.  16). 


FIG.  5.  The  temperature  dependence  of  A^  of  up-spin  (solid  curves)  and 
down-spin  electrons  (dashed  curves)  calculated  with  y  =  0.005  for  the  (1.2 
nm  Co +1.1  nm  Cu)  multilayer,  (see  caption  of  Fig.  3). 


B.  Co/Cu  multilayers 

We  have  performed  a  similar  calculation  to  explain  the 
temperature  dependence  of  parallel  and  perpendicular  GMR 
of  the  (1.2  nm  Co+1.1  nm  Cu)  multilayer  observed  by  Gijs 
etal.16  We  adopt  a0=0. 7,  /30=8.4  (/y«0=  14), 16  and 
y0=  —  0.7,  which  comes  from  the  ground-state  band  calcula¬ 
tion  of  pf/pj~0.15  of  bulk  Co.21  We  cannot  determine  the 
values  of  g0,  g{ ,  and  g2  because  the  layer- thickness  depen¬ 
dence  of  the  parallel  GMR  of  this  series  of  samples  has  not 
been  reported.  Then  we  tentatively  adopt  g0=0.13,  g^O.39, 
and  g 2=0.11  by  scaling  the  data  of  similar  Co/Cu 
multilayer22  as  to  reproduce  the  observed  ground-state  value 
of  (Ai?/R)1!=0.43.16  The  Curie  and  Debye  temperatures  are 
taken  to  be  7C=1400  K  and  0m  =  0^=445  K.  We  adopt 
pm  — 1.62  from  the  observed  ratio  of  rp= 0.56  for  bulk  Co 
[Fig.  1(b)],3  and  p0/p=0.3.21  The  solid  curve  in  Fig.  1(b) 
denotes  the  temperature-dependent  resistivity  of  bulk  Co  cal¬ 
culated  by  using  Eqs.  (35),  (37),  and  (38)  with  y0— -0.7  and 
Pm  =  1*62. 

The  calculated  (A R/R)11  and  A R/R)1  of  the  Co/Cu 
multilayer  are  shown  in  Fig.  4,  where  y  is  treated  as  an 
adjustable  parameter.  Both  the  parallel  and  perpendicular 
GMR  observed  by  Gijs  et  al}6  are  fairly  well  explained  by 
our  calculation  with  y  =  0.005. 

Figure  5  expresses  the  temperature  dependence  of  A5 
and  its  components  AJ,  A*,  and  AJ,  which  shows  that  at 
T=  TCi  A7A=0.42,  A7A=0.53,  and  A7A/7=0.79.  Compar¬ 
ing  these  figures  with  the  corresponding  ones  of  Fe/Cr  sys¬ 
tems,  we  note  that  the  spin-fluctuation  contribution  in  Co/Cu 
multilayer  is  less  significant  than  in  the  Fe/Cr  multilayer. 
This  fact  is  expected  to  be  the  main  reason  why  the  observed 
temperature  dependence  of  the  GMR  in  Co/Cu  multilayer  is 
less  considerable  than  that  in  the  Fe/Cr  multilayers. 

IV.  CONCLUSION  AND  DISCUSSION 

We  have  discussed  the  temperature  dependence  of  the 
GMR  for  currents  parallel  and  perpendicular  to  the 
multilayer  plane,  including  the  random  exchange  potentials, 


6380  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Hideo  Hasegawa 


spin  fluctuations,  and  phonons.  Our  model  calculations  have 
accounted  for  the  following  features  of  the  observed 
GMR:11’15,16 

(1)  Both  the  parallel  and  perpendicular  GMR  are  signifi¬ 
cantly  more  temperature  dependent  than  the  (average) 
layer  moment; 

(2)  (A R/R)1  is  larger  than  (A R/R)\ 

(3)  the  temperature  dependence  of  (A R/R)1  is  more  signifi¬ 
cant  than  that  of  (A/?//?)11;  and 

(4)  the  temperature  dependence  of  GMR  in  Co/Cu  multilay¬ 
ers  is  less  considerable  than  that  in  Fe/Cr  multilayers. 


The  effect  of  spin  fluctuations  plays  an  important  role  to 
account  for  these  items  whereas  phonons  play  a  secondary 
role.  In  fact,  items  (l)-(3)  can  be  explained  without  invoking 
phonons.10  Item  (2)  can  be  understood  as  follows:  Setting 
N=0  in  Eqs.  (12)— (15)  for  simplicity  of  explanation,  we  get 


/A  R\l  (a-p)2 

\X/  ~4ap[l+g0(a  +  p)2/apY 

I  ARf  _(a- P)2 
\  R  J  4a/3 


(39) 

(40) 


and  the  ratio  of  the  parallel  GMR  to  the  perpendicular  one  is 
given  by 

(AJR/R)ll/(AR/R)-L  =  [l+go(«+l)2/«]-1^l 


(a  =  a/p). 

When  electrons  flow  perpendicularly  to  the  layer  plane,  all 
electrons  pass  through  the  adjacent  two  magnetic  layers.  On 
the  contrary,  this  is  not  the  case  for  currents  parallel  to  the 
plane;  some  electrons  go  through  only  the  one  of  the  mag¬ 
netic  layers  without  probing  the  other  magnetic  layer.  The  g0 
term  of  the  denominator  of  Eq.  (39)  [and  of  Eq.  (14)]  denotes 
this  contribution.  Itoh  and  co-workers19  claim  that  the  anisot¬ 
ropy  of  the  velocity  operator  is  the  main  mechanism 

leading  to  (AR/R/^AR/R)1.  The  factor,  v11  or  is  not, 
however,  relevant  because  it  is  cancelled  out  when  the  MR 
ratio  given  by  Eq.  (12)  is  calculated. 

In  our  phenomenological  analysis  given  in  Sec.  II B  we 
have  included  only  the  bulk  scattering,  neglecting  the  inter¬ 
face  scattering  whose  importance  has  been  pointed  out  by 
several  experiments.  We  can  extend  our  analysis  as  to  take 
into  account  both  the  interface  and  bulk  scatterings.23  Nu¬ 


merical  calculations  using  the  generalized  expressions  for 
GMR  which  evitably  include  many  parameters  are  in 
progress  and  will  be  reported  in  a  separate  article.23 
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Currents  at  angle  to  the  planes  of  the  layers  (abstract) 

P.  M.  Levy  and  S.  Zhang 

Department  of  Physics,  New  York  University,  4  Washington  Place ,  New  York,  New  York  10003 

T.  Ono  and  T.  Shinjo 

Institute  for  Chemical  Research,  Kyoto  University,  Uji  611,  Kyoto,  Japan 

A  new  class  of  corrugated  multilayers  has  been  grown  on  silicon  substrates  which  have  (111) 
faceted  grooves  etched  on  their  surface.1  These  structures  can  be  probed  by  conventional  means 
with  current  at  an  angle  to  the  plane  of  layers  (CAP)  as  well  as  CIP.  This  angle  is  fixed  by:  the  depth 
to  width  ratio  of  the  grooves  (which  determines  the  angle  6),  and  the  angle  4>  of  the  current  probes 
with  respect  to  the  grooves.  We  have  prepared  multilayers  of  [Co(12  A)  Cu(f)NiFe(12  A)  Cu(f)]v 
with  t= 58  and  116  A,  and  y=167  and  91  repeats,  respectively;  and  have  varied  4>  from  0  and  90° 
while  0  is  held  fixed  at  54.7°.  We  find  the  data  is  very  well  fit  to  the  theoretical  expression  for  CAP 
resistivity  in  terms  of  the  more  conventional  CIP  and  CPP  resistivities.2  From  measurements  of  the 
CIP  and  CAP-MR’s  on  these  corrugated  multilayers  we  are  able  to  predict  the  CPP-MR  for  these 
structures.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)61 908-6] 
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Oblique  electron  transport  in  the  presence  of  collinear 
and  noncollinear  magnetizations 

Horacio  E.  Camblong 

Department  of  Physics,  University  of  San  Francisco,  San  Francisco,  California  94117 

The  nonlocal  real-space  Kubo  approach  to  electron  transport  in  magnetic  multilayers  is  applied  to 
a  new  geometry,  “oblique  transport,”  whose  complexity  is  traced  back  to  a  combination  of  the 
layering,  of  the  nonlocal  character  of  the  linear  response,  and  of  the  oblique  direction  transport  in 
this  new  geometry.  The  problem  is  dealt  with  by  applying  a  condition  on  the  average  current  density 
vector  or  on  the  average  electric-field  vector,  depending  upon  the  external  driving  conditions.  Its 
solution  exhibits  a  characteristic  anisotropy  and  it  yields  the  global  oblique  conductance 
and  magnetoresistance  as  simple  trigonometric  expressions  in  terms  of  the  in-plane  and 
vertical  conductances  and  magnetoresistances,  for  arbitrary  noncollinear-magnetization 
configurations.  ©  1996  American  Institute  of  Physics.^ S0021-8979(96)56308-8] 


Electrical  transport  in  metallic  multilayers  is  fairly  well 
understood  and  its  applications  to  giant  magnetoresistance 
have  confirmed  the  validity  of  the  various  models  that  have 
been  used,  namely,  the  quasiclassical  approach1  (based  on 
the  Boltzmann  equation)  and  the  Kubo  approach.2-5 

Previous  theoretical  analyses  of  magnetotransport  in 
multilayers  have  only  dealt  with  the  special  cases  of  in-plane 
transport  (CIP)  and  vertical  transport  (CPP).  Of  course,  there 
is  a  continuum  of  alternative  geometries  with  the  current 
neither  in  the  plane  of  the  layers  nor  perpendicular  to  the 
plane  of  the  layers.  Any  such  geometry  is  referred  to  as  “ob¬ 
lique  transport.”  The  electric-field  and  current  patterns  for 
oblique  transport  are  more  involved  than  for  CIP  or  CPP 
because  variations  in  the  local  resistivity  give  rise  to  changes 
in  the  directions  of  the  fields  and  currents  from  layer  to  layer. 
Actually,  a  version  of  this  new  geometry  has  been  recently 
explored  experimentally6  using  a  corrugated  metallic  multi¬ 
layered  structure.7 

A  typical  oblique-transport  scenario  is  shown  in  Fig.  1, 
where  z  is  a  coordinate  along  the  multilayer  axis  (or  growth 
direction)  and  £  is  a  coordinate  along  the  “external  driving 
direction,”  which  I  define  as  the  direction  of  the  average 
“driving  field”  V.  In  practice,  the  driving  field  V  will  be 
either  the  current  density  j  or  the  electric  field  E;  this  leads  to 
two  outstanding  boundary  conditions:  a  “current-injection 
condition,”  when  the  direction  of  (j)  is  externally  fixed  (for 
example,  by  proper  insertion  of  current  probes),  and  a  “volt¬ 
age  condition,”  when  the  direction  of  (E)  is  externally  con¬ 
trolled.  The  parameter  a,  which  is  defined  as  the  angle  be¬ 
tween  the  axes  z  and  £  (with  0°^a^90°)  measures  the 
deviation  of  a  particular  oblique-transport  geometry  from  ei¬ 
ther  CIP  (a=90°),  or  CPP  (a=0°).  These  two  coordinates 
are  related  via  £  =  z  cos  a,  with  a  suitable  choice  of  origin  for 
both.  Correspondingly,  unit  vectors  along  the  external  driv¬ 
ing  direction  e^,  along  the  growth  direction  ez ,  and  along  the 
in-plane  direction  ex  satisfy  the  relations  •  ez  =  cos  a  and 

•  ex  =  sin  a .  In  addition,  it  is  clear  that  averages  over  z  and 
over  £  of  z-dependent  quantities  are  identical,  i.e., 

(f(z))z=(fWcosa))c.  (1) 

As  a  consequence  of  the  relations  above,  it  follows  that  the 
component  A  ^(z)  of  any  vector  A(z)  that  is  only  z  dependent 
(for  example,  the  current  densities  or  the  internal  fields)  has 
an  average  [cf.  Eq.  (1)] 


(A^(z))  =  sin  aA||  +  cos  aA x  .  (2) 

The  analysis  presented  in  this  article  is  based  on  Eqs.  (1) 
and  (2),  which  are  of  interest  when  the  relevant  physical 
quantities  (fields  and  currents)  are  essentially  only  z  depen¬ 
dent.  Of  course,  this  assumption  breaks  down  near  the  exter¬ 
nal  boundaries.  Thus,  for  the  computation  of  global  proper¬ 
ties,  the  analysis  is  valid  when  edge  effects  are  globally 
unimportant. 

The  resulting  transport  behavior  can  be  described  most 
easily  by  using  the  real-space  Kubo  approach,3,4  wherein  the 
general  nonlocal  linear  relationship  between  the  currents 
j a/3(z)  and  the  fields  EyS(zf)  can  be  written  as 

j ajs(^)  H  dz  Orap  yg{Z,Z  )Ey^(Z  ),  (3) 

where  the  Greek  indices  label  the  two  spin  channels  (a 
=  t,j),  <Tap,ys(z,z')  is  the  spin-dependent  two-point  conduc¬ 
tivity,  and  Einstein’s  summation  convention  for  repeated  in¬ 
dices  has  been  applied.  In  Eq.  (3)  the  complex  structure  of 


FIG.  1.  Schematic  representation  of  the  oblique-transport  geometry  for  a 
binary  A/B  superlattice  grown  along  the  z  direction.  The  dotted  lines  repre¬ 
sent  the  bounds  of  a  typical  region;  it  is  assumed  that  the  system  extends  to 
infinity  in  both  directions  along  the  7]  axis  and  that,  if  drawn  to  scale,  many 
more  layers  would  be  encountered  along  the  £  axis.  The  lower  part  of  the 
figure  gives  a  graphical  representation  in  terms  of  current  lines  of  the 
current-injection  condition  (with  <ja  <  <xB);  the  voltage-condition  construc¬ 
tion  is  not  shown  as  it  is  more  convoluted. 
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spin  indices  is  a  convenient  way  of  dealing  with  noncollinear 
magnetizations.  In  this  framework  the  internal  fields 
E ap(z)  absorb  the  vertex  corrections4  that  correspond  to 
long-range  diffusion  processes  and  acquire  a  spin  depen¬ 
dence  that  can  be  thought  of  as  arising  from  electrochemical 
potentials.8,9 

The  geometries  studied  so  far  are  simple  in  that  either 
the  current  or  the  fields  are  essentially  uniform:  For  CIP  the 
external  fields  E yS(z)  are  constant  (if  a  uniform  external 
electric  field  is  applied)  and  for  CPP  the  current  densities 
j ap(z)  are  constant.  Instead,  for  oblique  transport,  both  the 
currents  and  the  fields  are  position  dependent  (even  for  a 
uniform  external  electric  field)  and  their  directions  are  not 
fixed  in  space.  This  complexity  can  be  tackled  by  resolving 
all  vector  fields  into  components  parallel  (II)  and  perpendicu¬ 
lar  (1)  to  the  plane  of  the  layers.  This  construction  is  useful 
due  to  the  fact  that  geometrical  symmetries  associated  with 
the  multilayered  system  reduce  both  the  spatial  dependence 
and  the  vector  structure  of  the  two-point  conductivity  to  a 
simple  form.  In  effect,  if  edge  effects  are  neglected,  the  two- 
point  conductivity  is  only  a  function  of  z  (twice)  and  that  it 
admits  the  resolution  into  irreducible  components:  an  in¬ 
plane  or  CIP  component,  o"^  yS(z,zf),  and  a  vertical  or  CPP 
component,  cr(^yS(z,z').  Explicitly, 

<rap,  y  a(z.z ' )  =  1||  <7%,ys(z>z' )  +  ezeza(^lY/.z,z ' ) ,  (4) 

where  \  is  the  unit  tensor  in  the  plane  of  the  layers,  and  ez  is 
the  unit  vector  in  the  z  direction.  The  approach  of  Refs.  3  and 
4  yields  the  components  of  the  two-point  conductivity, 
VafrysiZ’Z')  (with  r  —  11,1),  whose  nonlocal  spatial  depen¬ 
dence  is  governed  by  the  inverse  length  £(z),  that  is  propor¬ 
tional  to  A(z),  the  local  scattering  strength  (imaginary  part  of 
the  self-energy).  Then,  the  resolution  of  the  two-point  con¬ 
ductivity  into  irreducible  components,  which  is  expressed  by 
Eq.  (4),  leads  to  two  independent  problems.  The  CIP  prob¬ 
lem, 


has  an  apparent  local  character  that  is  just  an  artifact  gener¬ 
ated  by  the  uniformity  of  the  externally  applied  electric  field; 
in  fact,  Eq.  (5)  is  formulated  in  terms  of  the  one-point 
conductivity2,3  cr^py^z),  which  is  the  integral  of  the  two- 
point  conductivity  with  respect  to  z!  and  it  governs  the  char¬ 
acteristic  CIP  exponential  size  effects  (nonlocal  effects),  a 
result  that  is  in  agreement  with  experiments  [see  Eq.(8)].  On 
the  other  hand,  the  CPP  problem, 

E{afj(z)  =  Pay(z)j(yS  >  (6) 

is  formulated  in  terms  of  the  local  resistivity4,9  p^?(z) 
=  Cplijap(z),  which  is  a  completely  local  quantity  deter¬ 
mined  by  the  local  scattering  rate;  this  problem  has  the  re¬ 
markable  feature  that  the  global  conductance  has  no  expo¬ 
nential  size  effects  and  is  wholly  determined  by  the  so-called 
series  resistor  model  or  the  average  scattering,9"11  a  predic¬ 
tion  that  has  been  found  to  be  in  impressive  agreement  with 
experimental  results.12 


In  summary,  the  problems  formulated  by  Eqs.  (5)  and  (6) 
solve  specifically  in-plane  and  vertical  transport.  In  addition, 
they  can  be  used  as  the  building  blocks  for  oblique  transport, 
as  shown  below. 

For  oblique  transport  it  is  necessary  to  consider  the 
“matching”  boundary  conditions  satisfied  by  the  internal 
fields  and  the  currents  across  the  interfaces:  namely,  continu¬ 
ity  of  the  tangential  components  of  the  fields  E^  and  conti¬ 
nuity  of  the  normal  components  of  the  currents  .  The 
condition  on  the  internal  fields  follows  from  their  irrotational 
character  when  defined  in  terms  of  the  vertex  corrections  to 
the  conductivity,4  whereas  the  condition  on  the  currents  ex¬ 
presses  the  independence  of  the  spin  channels,  i.e.,  the  two- 
independent  current  model,  an  approximation  that  is  valid 
when  the  spin-diffusion  length  is  large  (compared  to  the  rel¬ 
evant  scales  for  multilayers) 4 

Let  us  now  investigate  the  variation  in  the  directions  of 
the  fields  and  currents  from  layer  to  layer.  The  relationship 
between  the  fields  and  currents  is  indeed  given  by  the  non¬ 
local  Eq.  (3).  However,  from  Eqs.  (4)-(6),  it  follows  explic¬ 
itly  that  for  a  uniform  externally  applied  electric  field  the 
corresponding  internal  fields  are 

Ea/3(z) =ezpay(z)j{$+ eiiP(^,y«(z)jyi(z).  (7) 

where  Pap,ys(z)  is  the  matrix  inverse  with  respect  to  yS  of 
the  one-point  conductivity  (rap%y£z).  The  interfacial  bound¬ 
ary  conditions  further  imply  that/x)  and  (second  term) 
are  constant.  The  two  terms  in  Eq.  (7)  behave  very  differ¬ 
ently  because  pay{z)  is  a  purely  local  quantity  whereas 
P%,ys(z)  has  a  nonlocal  dependence  through  the  local  mean 
free  paths.  Let  us  see  the  limiting  forms  of  Pap,ys(z)‘-  In  the 
local  limit  (short  mean  free  paths  compared  with  layer  thick¬ 
nesses)  it  is  asymptotically  a  tensor  with  components  given 
by  various  rearrangements  of  indices  of  pay(z),  whereas  in 
the  homogeneous  limit  (long  mean  free  paths  compared  with 
layer  thicknesses)  it  is  asymptotically  given  by  C^f.  These 
different  limiting  behaviors  indicate  that,  in  the  local  limit,  E 
is  locally  parallel  to  j  but  globally  nonparallel,  whereas  in  the 
homogeneous  limit,  E  is  globally  parallel  to  j  but  locally 
nonparallel.  In  other  words,  the  geometrical  anisotropy  asso¬ 
ciated  with  the  layering  prevents  the  currents  and  fields  from 
being  parallel  to  each  other;  thus,  the  medium  behaves  phe¬ 
nomenologically  in  an  anisotropic  way  both  locally  and  glo¬ 
bally,  a  result  that  can  be  understood  in  terms  of  charge  ac¬ 
cumulation:  Charges  accumulate  on  the  various  interfaces  to 
respect  the  various  interfacial  boundary  conditions. 

Averaging  Eqs.  (5)  and  (6)  over  the  external-direction 
axis  £  gives 


(8) 

and 

(£(x))  =  PCpp7(1), 

(9) 

where  the  averages  are  with  respect  to  either  z  or 
(!)]•  In  Eq.  (8) 

£  [see  Eq. 

O'CIP  =  ((T(«a,yy(z)) 

(10) 

(with  Einstein’s  summation  convention  for  repeated  indices) 
is  the  CIP  global  conductivity4  and  in  Eq.  (9) 
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Pcpp- (^cpp)  1  — G>*  [Tr(^  ')]  1  (11) 

is  the  global  CPP  resistivity,  with  £=<£>  being  proportional 
to  the  average  scattering.4 

The  directly  measurable  quantities  are  the  total  voltage 
per  unit  length  across  the  sample  in  the  external  driving  di¬ 
rection, 

E-rfr=(£f)  =  sin  a£(ll)  +  cos  (12) 

[where  L  is  the  length  of  the  sample  along  the  external- 
driving  direction,  see  Eq.  (2)],  and  the  average  current  den¬ 
sity  along  the  driving  direction, 

(;f)  =  sin  a(/ll))  +  cosa/1).  (13) 

In  order  to  extract  a  global  or  measurable  resistance 
from  Eqs.  (12)  and  (13),  it  is  necessary  to  apply  the  external 
boundary  conditions  (see  Fig.  1):  either  the  current-injection 
condition,  which  is  defined  by 

(j)=efOf)’ 

or  the  voltage  condition,  which  is  defined  by 

<E)=e^>. 

Definition  of  the  global  resistivity  as 

_{El 

9  <J[) 

leads  to  the  following  results: 

Pi  =  Pcip  sin2  tf  +  Pcpp  cos2  a> 
for  current-injection  conditions,  and 
o'2  =  crcip  sin2  a  +  crCPP  cos2  a. 

for  external-voltage  conditions.  Equations  (17)  and  (18)  are 
the  main  results  of  this  article.  They  reduce  to  the  familiar 
expressions  p(a=90o)=pCIp  and  p(a~0°)— Pcpp>  an^  they 
have  the  characteristic  angular  dependence  of  a  quadratic 
form,  i.e.,  they  amount  to  the  existence  of  a  global  resistivity 
tensor 

Pi  =  1||PCIP+  ezezPCPP 

(such  that  p=e^  •  p-  e^)  for  current-injection  conditions  and  to 
the  existence  of  a  global  conductivity  tensor 

<r2  =  l|jCrCiP+ezezcrcpp  (20) 


(14) 

(15) 

(16) 

(17) 

(18) 


(such  that  a  =  <r  e^)  for  external- voltage  conditions. 

The  angular  dependence  of  the  magnetoresistance  with 
respect  to  a  can  be  derived  straightforwardly  from  Eqs.  (17) 
and  (18).  The  main  consequence  stemming  from  this  analysis 
for  the  resistivity  and  magnetoresistance  is  that  the  oblique- 
transport  values  are  in  between  those  for  CIP  and  CPP,  with 
the  CPP  values  being  the  largest;  this  is  because  CPP  is  ex¬ 
actly  self-averaging  4 

In  conclusion,  I  have  calculated  the  oblique-transport 
electrical  resistivity/conductivity  and  found  that,  as  a  conse¬ 
quence  of  the  layering  and  if  edge  effects  are  unimportant,  it 
is  given  as  a  quadratic  form  in  the  orientation  of  the  external- 
driving  direction,  with  an  anisotropic  resistivity/conductivity 
tensor  composed  of  the  global  CIP  and  CPP  resistivities/ 
conductivities,  for  current-driving/extemal-voltage  condi¬ 
tions.  These  results  may  be  of  help  in  the  implementation  of 
detailed  phenomenological  analyses  of  magnetotransport  in 
magnetic  multilayers. 
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The  effects  of  magnetostatic  interactions  on  the  giant  magnetoresistive  (GMR)  response  of  NiFe/ 
Cu/NiFe  spin  valves  are  studied  using  an  analytical  model.  The  model  is  applicable  to  devices  small 
enough  for  the  magnetic  layers  to  exhibit  single-domain  behavior.  Devices  having  lengths  in  the 
track-width  direction  of  10  jam  and  interlayer  separations  of  4.5  nm  are  studied.  Stripe  heights  are 
varied  from  0.5  to  2  /xm.  The  magnetization  of  one  magnetic  layer  is  pinned  by  a  transverse  pinning 
field  that  is  varied  from  0  to  24  kA/m  (300  Oe).  GMR  curves  for  transverse  fields  are  calculated.  At 
zero  external  field  the  magnetization  of  the  layers  shows  a  tendency  to  align  themselves  antiparallel 
in  the  transverse  direction.  This  results  in  an  offset  from  the  ideal  biasing  of  the  device.  Broadening 
of  the  curves  due  to  shape  anisotropy  occurs  with  decreasing  stripe  height  and  increasing  magnetic 
layer  thickness,  and  the  magnetization  in  the  pinned  layer  becomes  less  stable.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)56408-X] 


INTRODUCTION 

Spin  valves1  are  being  actively  investigated  as  promising 
read-head  materials  in  ultrahigh-denisty  magnetic  recording. 
This  is  because  of  their  relatively  simple  structure  and  high 
sensitivity  to  external  fields.  In  this  work,  spin  valves  are 
studied  using  an  analytical  model  that  is  an  extension  to  two 
layers  of  a  Stoner- Wohlfarth  single-layer  model.2,3  Our 
model  differs  from  other  analytical  spin-valve  models,4  by 
including  interlayer  magnetostatic  interaction  effects  and  the 
ability  to  model  magnetic  layers  using  general  ellipsoidal 
shapes. 

The  micromagnetic  model  is  applicable  to  devices  that 
are  small  enough  in  size  for  the  magnetic  layers  to  exhibit 
single-domain  behavior.  The  transition  width  of  a  Neel  do¬ 
main  wall  in  a  magnetic  thin  film  increases  with  decreasing 
film  thickness.  For  a  small  enough  sample,  the  transition 
width  exceeds  the  film  dimensions,  so  that  the  film  is  no 
longer  capable  of  sustaining  domain  walls.  The  film  then 
becomes  single  domain.  In  Ref.  2,  single- domain  behavior 
was  observed  in  magnetoresistive  NiFe  films  having  stripe 
heights  less  than  2  /xm  and  film  thicknesses  less  than  10  nm. 

Figure  1  shows  schematically  the  three-layer  spin-valve 
structure  studied  in  this  work.  Two  NiFe  layers  of  length  /, 
stripe  height  w,  and  thickness  t  are  separated  by  a  Cu  spacer 
layer  of  thickness  d.  Current  I  flows  longitudinally  through 
the  device.  The  magnetization  M  of  the  top  NiFe  layer  is 
exchange  pinned  transversely  by  an  antiferromagnetic  over¬ 
coat  layer  (not  shown  in  the  figure),  while  the  magnetization 
of  the  bottom  layer  is  free  to  rotate.  The  device  is  ideally 
biased  if,  in  the  absence  of  an  external  field,  the  magnetiza¬ 
tion  of  the  layers  orient  perpendicular  to  each  other  in  the 
plane  of  the  film,  as  shown  in  Fig.  1(a).  Figure  1(b)  shows 
the  giant  magnetoresistance  (GMR)  response  curve  of  an  ide¬ 
ally  biased  spin  valve.  A  description  of  the  micromagnetic 
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model  is  given  in  the  following  section.  The  model  is  used  in 
a  systematic  study  of  the  dependence  of  GMR  response  on 
stripe  height  and  pinning-field  strength. 

MODEL  OF  SPIN  VALVE 

The  magnetic  layers  of  a  spin  valve  are  treated  as  single¬ 
domain  films,  and  their  magnetic  behaviors  are  modeled  us¬ 
ing  the  Stoner- Wohlfarth  coherent  rotation  model  of  the 
magnetization  reversal  of  a  uniformly  magnetized  ellipsoid. 
Brown5  showed  that  the  magnetic  behavior  of  any  uniformly 


(a) 


Field 

(b) 

FIG.  1.  (a)  Schematic  of  modeled  spin  valve  structure;  (b)  GMR  response  of 
ideally  biased  spin  valve. 
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FIG.  2.  (a)  GMR  response  curves  as  a  function  pinning  field  Hp  t  for  devices 
with  stripe  height  w= 2  /xm  and  magnetic  layer  thickness  /=10  nm.  The 
curves  are  displaced  vertically  from  each  other  for  clarity;  (b)  magnetization 
states  at  zero  field  of  the  devices  in  the  pinned  layer  (top  arrows)  and  free 
layer  (bottom  arrows). 


magnetized  body  could  be  modeled  as  that  of  an  appropriate 
equivalent  ellipsoid,  which  has  the  same  principal  axes  and 
volume  as  the  actual  body.  For  a  body  in  the  form  of  a 
rectangular  film  the  demagnetizing  factors  of  the  equivalent 
ellipsoid  along  the  principal  axes  are  equal  to  the  magnitudes 
of  the  volume-average  demagnetizing  fields  per  unit  magne¬ 
tization  inside  the  film,  when  it  is  magnetized  along  its  prin¬ 
cipal  axes.  The  field  sources  of  a  uniformly  magnetized  film 
are  the  surface  magnetic  charges  formed  on  its  bounding 
faces.  The  field  due  to  such  a  face  can  be  expressed  in  closed 
form.6 

The  free  energy  density  of  the  pinned  magnetic  layer, 
consisting  of  the  self-demagnetization  and  the  applied  field 
terms,  is  given  by  the  expression 

W=  kM](Nxa2  +  Nyi 82  +  Nzy2) 

-\H0+Hp+Hm(M's)\Ms(la  +  m/3+ny),  (1) 

where  H0  is  the  externally  applied  field;  Hp  is  the  pinning 
field;  H OT(Af')  is  the  interlayer  magnetostatic  interaction 
field,  and  is  equal  to  the  volume-average  field  acting  on  the 
film  due  to  the  magnetization  M '  of  the  free  layer;  a,  fi ,  and 
y  are  the  direction  cosines  of  the  magnetization  of  the  film 
Ms ;  /,  m,  and  n  are  the  direction  cosines  of  the  total  field 
Hc  +  H/7  +  H w(MO,  and  Nx ,  Ny,  and  NziNx+Ny+Nt 
=  1 )  are  the  demagnetizing  factors  along  the  three  principal 
axes  of  the  film. 


Surface  charges  on  the  boundaries  of  the  actual  rectan¬ 
gular  geometry  of  the  magnetic  film  are  the  field  sources 
used  in  calculating  Hm .  Other  fields,  such  as  the  self-field 
due  to  current  flowing  through  the  device,  and  possible  ef¬ 
fective  exchange  interaction  field  between  the  magnetic  lay¬ 
ers,  may  be  included  in  the  applied-field  term  in  Eq.  (1)  if 
needed.  These  additional  field  terms  were  not  considered  in 
this  work.  An  expression  similar  to  Eq.  (1)  follows  for  the 
energy  density  of  the  free  layer,  by  interchanging  the  roles  of 
Ms  and  and  omitting  the  pinning  field  term.  For  the  free 
layer,  Hm  is  the  interlayer  magnetostatic  interaction  field  act¬ 
ing  on  it  due  to  the  magnetization  of  the  pinned  layer. 

The  direction  cosines  a,  /3,  and  y  are  related  to  the  azi¬ 
muthal  and  polar  angular  coordinates  0M ,  4>M  of  the  magne¬ 
tization  vector,  by  a=sin  0M  cos  <j)M ,  /3=sin  0M  sin  (f>M ,  and 
y—  cos  0M .  The  spin  valve  is  subjected  to  a  uniform  external 
field  that  is  varied  step-wise.  The  magnetization  dependence 
of  Hm  necessitates  the  use  of  iterative  methods  in  minimizing 
the  energy  of  the  interacting  magnetic  layers.  The  expression 
in  parenthesis  in  the  self-demagnetization  term  of  Eq.  (1)  is 
precomputed  and  stored  as  a  function  of  the  angular  coordi¬ 
nates.  These  values  are  calculated  only  for  one  quadrant  of 
space;  the  values  for  other  quadrants  can  be  found  by  sym¬ 
metry.  Beginning  from  an  initial  magnetization  state  of  the 
layers,  the  stored  values  are  used  to  compute  the  energy 
functional  W(0M,<f>M)  according  to  Eq.  (1)  in  each  of  the 
magnetic  layers.  The  angular  coordinates  corresponding  to 
the  minima  of  W(9M,<f>M)  in  the  magnetic  layers  are  found 
and  used  to  obtain  the  first  approximations  of  the  magneti¬ 
zation  of  the  layers.  These  approximations  are  used  to  recal¬ 
culate  Hm  and  a  new  energy  functional,  from  which  the  next 
approximation  to  the  magnetization  is  obtained.  This  proce¬ 
dure  is  repeated  until  the  magnetization  of  the  layers  con¬ 
verges  to  equilibrium.  During  iteration,  the  (la+m/3+ny) 
term  continually  changes  as  Hm  changes  with  the  magneti¬ 
zation  of  the  layers.  The  initial  magnetization  states  used  at 
the  beginning  of  the  iteration  are  the  solution  states  from  the 
preceding  external  field.  The  first  solution  when  the  external 
field  is  initially  applied  is  obtained  by  assuming  that  the 
magnetization  of  the  layers  are  initially  pointing  in  the  posi¬ 
tive  z  direction.  The  solution  space  for  the  magnetization  of  a 
single  layer  depends  on  the  history  of  the  magnetization  pro¬ 
cess,  and  the  search  for  possible  solutions  having  angular 
coordinate  9M- 0  requires  special  treatment.  The  switching 
of  the  magnetization  of  each  layer  occurs  as  its  free  energy 
reaches  an  unstable  threshold,  changing  from  a  minimum  to 
maximum  energy  state.  These  issues  are  described  in  detail 
in  Ref.  3.  The  change  in  the  magnetoresistance  of  the  spin 
valve  is  calculated  using  the  expression  AR=1  —  cos  9,  where 
9  is  the  angle  between  the  magnetization  vectors  of  the  lay¬ 
ers. 

SIMULATION  RESULTS 

The  spin  valves  simulated  in  this  work  have  length  /=10 
/xm,  nonmagnetic  spacer  thickness  d~ 4.5  nm,  and  magnetic 
layers  with  magnetization  M=800  kA/m.  The  GMR  response 
curves  for  the  devices  are  calculated  for  an  external  trans¬ 
verse  field  (acting  along  x  axis  in  Fig.  1)  that  is  cycled  be¬ 
tween  ±24  kA/m  (300  Oe).  GMR  response  curves  calculated 
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FIG.  3.  (a)  GMR  response  curves  as  a  function  of  stripe  width  w,  for  devices 
with  magnetic  layer  thickness  /=  10  nm  and  pinning  field  Hp~  12  kA/m;  (b) 
magnetization  states  at  zero  field  of  the  devices  in  the  pinning  (top  arrows) 
and  free  (bottom  arrows)  layers. 


using  different  pinning  fields,  for  devices  having  stripe 
height  w~2  fim  and  magnetic  layer  thickness  /=10  nm,  are 
plotted  in  Fig.  2(a).  The  zero-field  magnetization  states  of  the 
devices  given  by  the  orientations  of  the  magnetization  vec¬ 
tors  in  the  pinned  and  free  layers  are  shown  in  Fig.  2(b).  The 
shape  anisotropy  of  the  magnetic  layers  causes  the  magneti¬ 
zation  vectors  to  lie  completely  in  the  plane  of  the  magnetic 
films.  For  moderately  pinned  devices  (Hp  *£  4  kA/m),  self- 
demagnetizing  fields  in  the  pinned  layer  result  in  consider¬ 
able  canting,  away  from  the  transverse  direction,  of  the  mag¬ 
netization  vectors  at  zero  field.  Pinning  is  improved  as  Hp  is 
increased. 

Magnetostatic  coupling  between  the  magnetic  layers  fa¬ 
vors  the  antiparallel  orientation  of  the  magnetization  of  the 
layers.  This  antiparallel  orientation  is  pronounced  in  moder¬ 
ately  pinned  devices.  In  strongly  pinned  devices  (Hp  =  12  and 
24  kA/m),  the  rotation  of  the  free  layer  is  opposed  by  the 
self-demagnetization  of  the  layer.  Interlayer  magnetostatic 
interaction  thus  results  in  the  deviation  of  the  GMR  re¬ 
sponses  of  the  spin  valves  from  that  of  the  ideal  biased  state 
of  Fig.  1.  The  positive  saturation  fields  of  the  GMR  curves 
decrease  slightly  as  the  pinning  field  is  increased.  This  is  due 
to  a  reduction  in  the  work  required  to  rotate  the  magnetiza¬ 


tion  of  both  magnetic  layers  toward  parallel  alignment  in  the 
transverse  direction  against  the  interlayer  magnetostatic  in¬ 
teractions  opposing  this  rotation.  The  peaks  of  the  GMR 
curves  get  broader  and  flatter  as  the  pinning  field  is  in¬ 
creased,  and  the  negative  saturation  fields  increase. 

Self-demagnetization  effects  in  the  devices  increase  as 
stripe  heights  are  made  smaller.  The  effect  of  decreasing  the 
stripe  height  on  the  GMR  response  and  magnetization  states 
of  the  devices  is  shown  in  Fig.  3.  The  figure  was  obtained  for 
devices  with  magnetic  layer  thickness  of  10  nm  and  pinning 
field  12  kA/m.  Decreasing  the  stripe  height  increases  the 
canting  of  the  magnetization  of  the  pinned  layers  and  in¬ 
creases  the  broadening  of  the  GMR  curves. 

DISCUSSION 

An  analytical  micromagnetic  model  of  interacting 
single-domain  films  was  used  in  this  work  to  study  the  de¬ 
pendence  on  device  sizes  and  pinning  field  strengths  of  the 
GMR  responses  of  spin  valves  having  identical  magnetic 
layers.  The  calculation  of  self-demagnetizing  and  magneto¬ 
static  fields  can  be  modified  to  take  into  account  nonuniform 
magnetization  in  the  magnetic  layers.7  The  simulations  show 
offsets  in  the  ideal  biasing  of  devices  due  to  interlayer  mag¬ 
netostatic  interaction.  The  GMR  curves  broaden  as  the  self¬ 
demagnetization  in  the  magnetic  layers  increases  as  the  stripe 
height  is  decreased.  Thus,  for  moderately  pinned  devices, 
self-demagnetization  results  in  the  canting  of  the  magnetiza¬ 
tion  of  the  pinned  layers.  The  behavior  of  the  devices  is 
sensitive  to  their  linear  dimensions;  the  offset  in  biasing  can 
be  corrected  by  the  judicious  choice  of  device  dimensions. 
For  example,  if  the  free  layer  is  made  thicker  than  the  pinned 
layer,  the  self-demagnetization  will  oppose  the  antiparallel 
rotation  of  the  magnetization,  resulting  in  better  biasing. 

The  model  can  be  extended  in  a  straightforward  manner 
to  simulate  devices  with  three  or  more  magnetic  layers,  and 
to  include  interlayer  ferromagnetic,  antiferromagnetic,  and 
biquadratic  exchange  interactions  between  adjacent  magnetic 
layers.  More  exotic  devices  can  thus  be  simulated  and  stud¬ 
ied  both  by  selectively  applying  these  interactions  among  the 
magnetic  layers  and  by  making  use  of  magnetic  layers  with 
different  magnetic  properties  and  linear  dimensions.  Self¬ 
fields  due  to  current  flow  in  the  device  can  be  modeled  by 
adding  an  appropriate  field  to  the  applied  field  free  energy 
density  term  of  Eq.  (1). 
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Magn.  MAG-31,  2618  (1995). 

5W.  F.  Brown,  Magnetostatic  Principles  in  Ferromagnetism  (North- 
Holland,  Amsterdam,  1962),  pp.  49-53. 

6J.  O.  Oti,  IEEE  Trans.  Magn.  MAG-29,  1265  (1993). 
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Exploration  of  magnetization  reversal  and  coercivity  of  epitaxial  NiO  {111}/ 
NiFe  films 
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We  have  grown  epitaxial  NiO  {111}  films  of  thicknesses  ranging  from  60  to  1200  A,  deposited  45 
A  NiFe  films  on  these  NiO  substrates,  and  made  measurements  of  exchange  field  and  coercivity,  of 
the  effective  uniaxial  anisotropy,  of  rotational  hysteresis,  and  of  the  training  effect  on  these  films. 

We  find  that  the  large  coercive  fields,  -500  Oe,  observed  in  these  epitaxial  systems  can  be 
understood  using  a  model  in  which  the  magnetization  reversal  process  is  by  rotation,  with  the 
coercive  field  determined  by  the  effective  uniaxial  anisotropy  of  the  system.  This  effective 
anisotropy  is  in  turn  determined  by  the  anisotropy  of  the  NiO  and  depends  on  NiO  thickness. 
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I.  INTRODUCTION 

The  anisotropic  exchange  interaction  between  Permalloy 
(Ni0  8Fe0.2)  and  NiO  has  drawn  a  lot  of  attention1  because  of 
the  potential  usage  of  NiO  as  a  biasing  layer  in  magnetore¬ 
sistance  (MR)  heads  or  spin  valves.2  Previous  investigations 
of  the  NiFe-NiO  exchange  interaction  have  involved  sput¬ 
tered  poly  crystalline  NiO  and  NiFe.1-3  Generally,  it  is  more 
difficult  to  characterize  quantitatively  the  exchange  anisot¬ 
ropy  interaction  in  polycrystalline  systems  because  of  the 
random  orientations  involved.  In  recent  work4  we  demon¬ 
strated  the  epitaxial  growth  of  NiO  {111}  and  {100}  by  meta- 
lorganic  chemical- vapor  deposition  (MOCVD),  making  a 
quantitative  study  of  the  NiFe-NiO  interaction  feasible.  The 
coercivity  we  observed  in  our  NiFe-NiO  {111}  systems  was 
anomalously  large  as  compared  to  that  observed  in  polycrys¬ 
talline  systems.  We  report  here  further  investigation  of  the 
physical  origins  of  the  large  coercive  fields  observed  in  the 
NiFe-NiO  {111}  films.  We  have  deposited  NiFe  on  NiO 
{111}  films  of  various  thicknesses,  and  report  here  the  depen¬ 
dence  upon  the  NiO  thickness  of  the  exchange  field  He ,  the 
coercivity  Hc ,  and  the  magnetic  training  effect.  Torque  mea¬ 
surements  were  made  to  determine  magnetic  anisotropy  and 
rotational  hysteresis  observed  to  help  understand  the  magne¬ 
tization  process.  An  attempt  was  made  to  change  the  anisot¬ 
ropy  of  NiO  by  doping  with  2%  strontium  (Sr2+)  and  the 
effect  of  the  doping  upon  He  and  Hc  was  observed. 

II.  EXPERIMENTAL  PROCEDURES 

Epitaxial  NiO  films  ranging  in  thickness  from  60  to  1200 
A  were  grown  on  {0001}  A1203  using  a  solid  source 
MOCVD  technique  at  a  growth  temperature  of  about  510  °C. 
The  Sr-doped  films  were  made  by  putting  2  at.  %  Sr+  into 
the  solid  source  Ni(THD)2.  NiFe  films  45  A  thick  were  de¬ 
posited  on  the  epitaxial  NiO  {111}  films  by  dc  magnetron 
sputtering  in  the  presence  of  a  magnetic  field  of  275  Oe.  50 
A  of  Ta  was  used  as  a  capping  layer.  Electron  probe  mi¬ 
croanalysis  (EPMA)  was  used  to  determine  the  chemical 
compositions  and  the  thickness  of  the  films.  The  hysteresis 


loops  were  taken  at  room  temperature  using  the  magneto¬ 
optical  Kerr  effect  (MOKE).  To  observe  the  magnetic  train¬ 
ing  effect,  the  first  five  cycles  were  recorded  individually  and 
the  stabilized  loop  was  taken  after  50  field  cycles.  The  in¬ 
plane  torque  measurements  were  executed  at  room  tempera¬ 
ture  from  100  Oe  up  to  10  kOe  after  the  hysteresis  loops  had 
been  stabilized. 


III.  RESULTS 

In  Fig.  1  we  show  the  changes  in  stabilized  (after  train¬ 
ing)  Hc  and  He  of  the  NiFe-NiO  system  as  the  thickness  of 
NiO  is  varied  from  60  to  1200  A.  As  the  thickness  of  the 
NiO,  ttf ,  is  increased,  there  is  a  critical  thickness,  150  A,  at 
which  He  first  appears.  He  then  increases  gradually  to  a  maxi¬ 
mum  of  70  Oe  at  ?af=400  A.  This  behavior  is  to  be  con¬ 
trasted  with  the  sharp  rise  of  He  with  td  usual  for  the  NiFe- 
FeMn  system.5  The  coercivity  for  our  NiFe-NiO  films  rises 
from  about  35  Oe  at  4f=60  A  to  a  maximum  of  510  Oe  at 
275  A.  He  and  Hc  are  almost  unchanged  for  thicknesses  of 
NiO  between  400  and  1200  A. 


FIG.  1.  NiO  {111}  thickness  dependence  of  the  coercivity  Hc  and  the  ex¬ 
change  field  He  for  50  A  Ta/45  A  Ni08Feo.2/60-1200  A  NiO. 
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thickness  (A) 

FIG.  2.  NiO  {111}  thickness  dependence  of  the  trainable  components  ( Hc 
-  Hc)  and  (HC]  -  He)  for  50  A  Ta/45  A  Nia8Fea2/60-1200  A  NiO.  Hc\ 
and  He ^  ( HCs  and  He)  are  the  coercivity  and  the  exchange  field  of  the  first 
hysteresis  loop  (of  the  stabilized  hysteresis  loop). 

NiO  films  having  a  2%  Sr2+  doping  with  thickness  of 
400  and  550  A  were  prepared.  NiFe  films  deposited  on  the 
Sr-doped  NiO  films  showed  reductions  of  Hci  45%  and  21%, 
respectively,  and  a  20%  increase  of  He ,  compared  to  NiFe 
deposited  on  pure  NiO  of  same  thicknesses. 

The  magnetic  training  effect,  the  gradual  reduction  in  He 
and  Hc  during  the  first  several  hysteresis  loop  cycles,6,7  var¬ 
ies  with  the  thickness  of  the  NiO  as  shown  in  Fig.  2.  The 
trainable  components  of  He  and  Hc ,  the  difference  between 
the  values  for  the  first  loop  ( He  ,HC  )  and  the  stabilized  loop 
(He  ,HC  ),  are  zero  at  *af  =60  A,  rise  to  a  sharp  peak  at  the 
critical  thickness  of  NiO,  150  A,  and  return  to  a  small,  al¬ 
most  constant,  value  for  Jaf>275  A. 

To  determine  the  anisotropy  in  the  film  and  to  help  un¬ 
derstand  the  magnetization  process,  torque  measurements 
were  conducted  on  each  sample.  A  typical  torque  curve  in 
this  NiFe-NiO  system  is  shown  in  Fig.  3.  A  skewed  sin  20 
curve  indicates  that  the  uniaxial  anisotropy  dominates  in 
NiFe-NiO  films.  In  addition,  a  large  rotational  hysteresis, 

Wr=  if027rL  dd  (L:torque),  exists  even  at  a  high  field.  If  we 

assume  the  energy  per  unit  volume  for  the  NiFe  to  be  E= 
~K'e  cos  0+Ku  sin2  0(0  is  the  angle  between  the  magne¬ 
tization  and  easy  axis  of  the  NiFe),  Ku ,  the  effective  uniaxial 
anisotropy  constant,  can  be  deduced  from  the  amplitude  of 
the  sin  20  component.  (The  cos  0  term  arises  from  the  inter- 
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FIG.  3.  In-plane  torque  curve  for  50  A  Ta/45  A  Ni08Fe02/275  A  NiO.  The 
applied  field  is  2000  Oe. 
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FIG.  4.  Field  dependence  of  rotational  hysteresis  loss  Wr  for  50  A  Ta/45  A 
Nio.8Fe0.2/275  A  NiO. 

action  of  the  anisotropic  interfacial  exchange  with  NiO.)  The 
anisotropy  field  Hk  of  the  NiFe  film  is  equal  to  2 KJMS, 
assuming  rotation  of  a  single  domain.  In  this  specific  sample, 
50  A  Ta/45  A  NiFe/275  A  NiO,  KU=2.2X  105erg/cm3  and 
Ms=  780  emu/ cm3,  giving  74=569  Oe.  Comparing  this  Hk 
to  the  Hc  measured  from  MOKE,  we  find  Hk  differs  from  Hc 
by  only  10%.  This  approximate  equality  of  Hk  from  torque 
measurements  and  Hc  from  the  hysteresis  loops  held  for  all 
our  samples  with  NiO  thicknesses  greater  than  275  A.  This 
result  strongly  suggests  the  magnetization  process  in  the 
NiFe  films  coupled  to  NiO  {111}  is  a  pure  rotation  process. 

The  typical  dependence  of  rotational  hysteresis  upon 
magnetic  field  that  we  observed  is  shown  in  Fig.  4.  The 
non  vanishing  rotational  hysteresis  at  a  high  field  is  one  of  the 
distinguishing  characteristics  of  coupled  ferro- 
antiferromagnetic  systems.8  The  rotational  hysteresis  rises  to 
a  sharp  peak  at  the  coercive  field,  510  Oe,  and  then  increases 
again  at  high  field. 

IV.  DISCUSSION 

Following  the  analysis  of  Meiklejohn,9  the  magnetic  en¬ 
ergy  of  a  ferromagnetic  layer  (f)  coupled  to  an  antiferromag¬ 
netic  layer  (af)  can  be  expressed  in  a  simple  model.  The 
energy  E  per  unit  area  of  the  interface  can  be  written  as 
follows: 

E—  —  HMstf  cos(  0—  Of)  +  Kaffaf 

X  sin2  0af-  Ke  cos(  Of-  0af),  (1) 

where  Ms  and  H  are  the  saturation  magnetization  and  applied 
field  magnitude,  respectively,  tf  (?af)  are  the  thicknesses  of 
NiFe  (NiO),  0  is  the  angle  of  the  applied  field  to  the  anisot¬ 
ropy  axis,  Of  (0af)  is  the  angle  of  the  magnetization  (the 
sublattice  magnetization  for  the  NiO)  to  the  anisotropy  axis, 
Ke  is  the  interfacial  coupling  constant,  and  is  the  uniaxial 
crystalline  anisotropy  of  the  NiO. 

From  this  model,  the  condition 

Kj*>Ke  (2) 

is  required  for  a  shift  of  the  hysteresis  loop.  In  principle,  if 
there  are  well-defined  single  values  for  Ka{  and  Ke ,  there 
should  exist  a  sharp  onset  of  He.  A  wide  distribution  of 
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blocking  temperatures  has  been  reported  for  the  NiFe-NiO 
system.10  It  was  suggested  that  a  variety  of  exchange  paths 
across  the  interface  existed  due  to  interfacial  disorder  and 
fluctuating  atomic  arrangements.  Further,  the  anisotropy  of 
NiO  strongly  depends  on  strain9  and  stochiometry.11  As  a 
result,  it  is  reasonable  to  assume  a  wide  distribution  of 
KJiKtft af)  across  the  films  because  of  local  microscopic  in¬ 
homogeneities.  Because  of  this  wide  distribution  of 
He  increases  gradually  for  NiO  from  150  to  400  A 
thick.  When  the  thickness  of  NiO  is  less  than  150  A,  there  is 
no  loop  shift  observed;  however,  nonvanishing  rotational 
hysteresis  still  appears,  which  indicates  that  the  exchange 
interaction  between  NiFe  and  NiO  exists  even  for  the  taf  less 
than  critical  thickness.  The  existence  of  rotational  hysteresis 
below  the  critical  faf  implies  that  the  superparamagnetic 
model12  is  not  valid  for  this  system  with  raf  less  than  the 
critical  thickness. 

For  simplicity,  we  can  divide  the  interface  area  into  two 
categories: 

(1)  KJ(Kaft^l  and 

(2)  *af)< I- 

In  the  area  belonging  to  the  first  category,  the  anisotropy  of 
the  NiO  is  too  weak  to  pin  the  spins  in  the  NiFe;  therefore, 
this  area  cannot  contribute  to  loop  shift,  He .  When  the  mag¬ 
netization  of  the  NiFe  rotates,  the  spins  of  the  NiO  rotate 
irreversibly,  causing  an  increase  in  Hc .  In  the  area  belonging 
to  the  second  category,  the  NiO  can  effectively  block  rotation 
of  the  spins  in  the  NiFe  and  contribute  to  the  observed  He .  If 
we  can  increase  the  anisotropy  of  the  NiO,  we  should  ob¬ 
serve  increased  He  and  reduced  Hc .  In  fact,  this  was  ob¬ 
served  in  the  NiFe  coupled  to  the  NiO  doped  with  2  at.  % 
Sr2+.  It  has  been  well  established  that  the  anisotropy  of  NiO 
in  the  {111}  plane  is  small13  but  sensitive  to  strain.9  The  large 
ion,  Sr2*,  probably  introduces  local  strain  into  the  NiO,  re¬ 
sulting  in  a  larger  local  anisotropy  and  increasing  the  portion 
of  the  film  area  with  KJ(Kaftaf)<l. 

The  torque  measurements  give  us  an  explanation  of  the 
anomalously  high  Hc  observed  for  the  epitaxial  NiFe-NiO 
{111}  films.  Since  the  coercive  field,  Hc  is  very  nearly  equal 
to  Hk ,  we  believe  that  the  magnetization  process  is  domi¬ 
nated  by  pure  rotation.  For  normal  NiFe  films  uncoupled  to 
an  antiferromagnet,  magnetization  reversal  proceeds  by 
nucleation  and  propagation  of  domains  of  reversed  magneti¬ 
zation,  with  the  resulting  Hc  much  smaller  than  Hk .  For  NiFe 
films  coupled  to  NiO,  coupling  through  interfacial  exchange 
makes  the  nucleation  of  reversed  magnetization  energetically 
unfavorable.  Further,  this  coupling  makes  the  effective  an¬ 
isotropy  Ku  of  NiFe  films  much  larger  than  the  intrinsic  value 
for  NiFe  alone. 

Based  on  Meiklejohn’s  calculations,9  the  rotational  hys¬ 
teresis  loss  shows  a  sharp  peak  at  the  threshold  field, 
H=JjJMs  C4:  anisotropy  energy  per  unit  volume)  at  which 
the  spins  of  the  antiferromagnet  rotate.  In  our  samples  the 
field  at  which  the  rotational  hysteresis  loss  peaks  very  nearly 
equals  the  coercive  field  Hc .  This  result  reinforces  our  pro¬ 
posal  that  the  coercivity  in  the  NiFe/NiO  {111}  system  is  the 


field  required  to  rotate  the  spins  in  NiO.  Further,  the  existing 
rotational  hysteresis  loss  at  the  field  less  than  the  threshold 
field  is  another  indication  of  distribution  of  In 

addition,  the  increase  of  the  rotational  hysteresis  loss  at  high 
field  is  probably  due  to  the  direct  interaction  between  the 
applied  field  and  NiO.14 

We  propose  also  a  tentative  model  of  the  training  effect 
consistent  with  the  above  picture  and  consistent  with  the 
model  of  Paccard  et  al ?  in  which  the  training  effect  is  attrib¬ 
uted  to  reorientation  of  the  spins  in  the  antiferromagnet  with 
magnetization  reversal  in  the  ferromagnet.  For  thin  NiO 
films  0af<60  A),  the  anisotropy  resident  in  the  NiO  film  per 
unit  area  is  much  less  than  Ke ,  so  the  NiO  spins  follow  the 
NiFe  spins  on  all  cycles  and  there  is  no  training  effect.  For 
thick  NiO  films  0af>200  A)  the  anisotropy  per  unit  area  in 
the  NiO  is  large  so  that  the  local  spin  axes  are  mostly  un¬ 
changed  after  the  field  cycles;  therefore,  the  training  effect  is 
small.  For  intermediate  NiO  thicknesses,  the  local  uniaxial 
anisotropy  directions  in  the  NiO  are  affected  through  Ke  and 
are  shifted  during  early  magnetic  cycles  to  directions  favor¬ 
ing  the  external  applied  field.  The  training  effect  is  therefore 
greatest  in  this  domain  of  NiO  thicknesses. 

V.  CONCLUSIONS 

We  believe  we  have  shown,  through  measurements  of  Hc 
and  He  as  a  function  of  the  thickness  of  the  NiO  and  through 
measurements  of  torque  and  rotational  hysteresis  in  epitaxial 
NiFe-NiO  {111}  films,  that  the  magnetization  process  in 
such  coupled  film  systems  is  rotational,  that  the  coercive 
field  is  determined  by  the  effective  uniaxial  anisotropy  of  the 
system,  and  that  this  effective  anisotropy  is  in  turn  deter¬ 
mined  by  the  anisotropy  in  the  antiferromagnetic  NiO  film. 
We  present  also  a  model  of  the  magnetic  training  effect  con¬ 
sistent  with  this  picture. 
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Change  of  magnetoresistance  characteristic  and  crystal  structure  by  ion 
bombardment  to  interfaces  in  [Ni81Fe19/Cu]  multilayers  (abstract) 

Y.  Miyamoto,  T.  Yoshitani,  S.  Nakagawa,  and  M.  Naoe 

Department  of  Physical  Electronics ,  Tokyo  Institute  of  Technology,  Meguro,  Tokyo  152,  Japan 

Many  practical  applications  using  giant  magnetoresistance  (GMR)  have  been  developed,  such  as 
read-out  heads  and  spin  valve  devices;  however,  the  origin  of  GMR  is  not  still  fully  understood.  The 
GMR  effect  seems  to  be  originated  from  the  spin  scattering  mechanism  whether  at  the  interfaces  or 
at  the  layer  bodies.1  Therefore,  it  is  necessary  to  investigate  the  spin  scattering  behaviors  at  the 
interfaces  in  GMR  multilayers.  It  is  regarded  that  the  mixing  and  the  diffusion  of  atoms  at  the 
interfaces  in  multilayers  can  be  well  promoted  by  ion  bombardment  to  the  interfaces  at  proper 
energy  in  dual  ion  beam  sputtering  (DIBS)  method.  In  this  study,  change  of  magnetoresistance  (MR) 
and  crystallographic  characteristics  induced  by  interfacial  mixing  of  atoms  were  investigated. 

Specimen  films  were  deposited  by  DIBS.  Additional  ion  bombardment  to  the  growing  surfaces 
arranges  the  mixing  effect  at  the  interfaces  between  Ni-Fe  and  Cu  layers.  Acceleration  voltage  of 
sputtering  ion  source  Vmg  were  set  at  500  V  and  that  of  bombarding  ion  source  Vsg  was  varied  in  the 
range  of  0-300  V.  Si  wafers  were  used  as  substrates.  Ni-Fe/Cu  multilayers  with  GMR  were 
deposited  on  50  A  thick  Fe  buffer  layers.  Only  two  monolayers  at  the  interfaces  in  Ni-Fe/Cu 
multilayers  were  exposed  to  ion  bombardment  to  cause  the  local  interfacial  mixing.  X-ray 
diffraction  diagrams,  showed  that  (111)  orientations  of  Ni-Fe  and  Cu  crystallites  are  obtained  at  Vsg 
below  200  V  and  that,  on  the  contrary,  (100)  orientation  became  dominant  in  the  films  deposited  at 
Ysg  above  200  V.  There  is  no  apparent  differences  in  MR  ratio  with  increase  of  Vsg.  However,  the 
field  sensitivity  and  saturation  field  properties  were  drastically  degraded  at  Vsg  above  200  V,  while 
the  crystal  structure  seemed  to  be  changed.  These  results  indicate  that  spin  scattering  were  mainly 
occurred  at  the  layer  bodies  in  Ni-Fe/Cu  multilayers.  These  results  implied  that  the  interfacial 
mixing  is  not  so  effective  for  changing  MR  ratio  of  Ni-Fe/Cu  multilayers.  However,  the  behavior 
of  magnetization  vectors  are  much  influenced  by  change  of  local  structure  at  the  interfaces.  These 
results  seem  to  confirm  the  proposed  theory;  i.e.,  the  spin  scattering  in  layer  bodies  is  the  dominant 
mechanism  on  GMR  in  Ni-Fe/Cu  multilayers.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)62008-X] 
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Structural  comparisons  of  ion  beam  and  dc  magnetron  sputtered  spin 
valves  by  high-resolution  transmission  electron  microscopy 

William  E.  Bailey,  Nan-Chang  Zhu,  Robert  Sinclair,  Shan  X.  Wang 

Department  of  Materials  Science  and  Engineering,  Stanford  University,  Stanford,  California  94305-2205 

We  have  used  high-resolution  transmission  electron  microscopy  to  compare  the  nanostructures  of 
ion-beam  and  dc  magnetron  sputter-deposited  giant  magnetoresistive  (GMR)  spin  valves  and  to 
correlate  nanostructure  with  magnetic  properties.  Very  low  coercivities  and  strong  exchange  bias 
(<8  Oe,  125  Oe)  were  achieved  in  ion-beam-deposited  spin  valves  of  the  form  NiFe(50)/Co(20)/ 
Cu(>25)/Co(20)/NiFe(50)/FeMn(150)/Ta(30  A);  these  were  compared  with  typical  dc  magnetron 
deposited  structures  of  the  same  kind,  both  with  and  without  a  Ta  seed  layer,  which  exhibited  similar 
and  poorer  exchange  biasing  but  superior  GMR  ratios  (to  8%.)  Cross-sectional  and  plane-view 
samples  were  prepared  of  all  three  structures  and  examined  by  high-resolution  electron  microscopy. 
Near-perfect  (lll)-textured  fee  metal  and  c-axis  hep  Co  columnar  grains  were  revealed  in  the  ion 
beam  deposited  sample,  while  some  (10°)  dispersion  of  this  texture  and  random  grain  orientations 
were  observed  in  the  Ta-seeded  and  unseeded  dc  magnetron  sputter-deposited  samples,  respectively. 

No  amount  of  the  a-FeMn  (A12)  phase  was  observed  in  any  of  the  films.  Exchange  bias  strengths 
and  coercivity  of  the  top  Co/NiFe/FeMn  layers  thus  correlate  strongly  with  the  degree  of  (111) 
texture.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)56608-1] 


I.  INTRODUCTION 

Magnetically  soft  giant  magnetoresistance  (GMR)  spin 
value  structures  of  the  form  Nig0Fe2(/Cu/Ni80Fe20/Fe50Mn50 
are  widely  recognized  to  be  important  to  the  next  generation 
of  magnetic  recording  systems.  Their  sensitive  change  in  re¬ 
sistance  with  applied  field1  is  attractive  for  use  in  the  read 
element  of  a  recording  head;  with  the  addition  of  thin  Co 
layers  at  the  Ni80Fe20/Cu  interfaces,2  resistance  changes  as 
great  as  9.2%  over  50  Oe  (Ref.  3)  have  been  demonstrated. 
Also  important  among  the  advantages  of  GMR  spin  valves 
over  AMR  sensors  is  the  far  wider  range  of  applied  fields  for 
which  the  MR  response  is  linear.4  High  coercivities  in  the 
pinned  ferromagnetic  layer  can  encroach  upon  this  linear 
range,  so  the  lowest  possible  pinned-layer  coercivities,  along* 
with  high  GMR  ratios  and  strong  exchange  bias,  are  sought 
by  developers. 

While  the  overwhelming  majority  of  spin  valves  have 
been  deposited  by  rf  or  dc  magnetron  sputtering,  ion-beam 
deposition  (IBD)  is  a  promising  technique,  as  it  offers  some 
greater  control  over  the  microstructure  of  the  film  and  is 
amenable  to  in  situ  characterization.5  Microstructural  control 
and  characterization  are  critical  to  the  properties  of  these 
devices,  due  to  the  atomic  scale  of  the  thin  films  involved.  Ex 
situ ,  then,  high-resolution  transmission  electron  microscopy 
(HREM)  is  well  suited  to  characterizing  the  structure  of 
these  thin  metallic  layers.  While  HREM  has  been  used  to 
study  Co/Cu  multilayers6,7  and  some  amount  of  work  has 
been  done  on  the  Ni80Fe20/Fe50Mn50  couples,8  there  is  a  lack 
of  HREM  data  available  for  full  spin  valves,  with  some 
exceptions.9  Understanding  of  structure-properties  relations 
in  spin  valves  remains  incomplete. 

In  the  current  work  we  have  used  HREM  to  study  the 
microstructure  of  NiFe/Co/Cu/Co/NiFe  spin  valves  created 
by  ion-beam  deposition.  These  have  been  compared  with 
spin  valves  formed  by  conventional  dc  magnetron  sputtering, 
and  the  relationship  of  microstructure  to  pinned  layer  biasing 
and  coercivity  has  been  explored. 


II.  EXPERIMENTAL  METHOD 

A  series  of  nominal  Si(  1 1 1  )/SiO2(30  A)/NiFe(50  A)/ 
Co(20  A)/Cu( ?nm) /Co(20  A)/NiFe(50  A)/FeMn(150  A)/ 
Ta(20  A)  spin  valve  heterostructures,  for  tnm 
=  15,  20,  25,  30,  and  35  A,  was  deposited  by  IBD.  Depo- 
sitions  were  carried  out  on  the  native  oxide  of  the  Si  wafer, 
using  300  V  beam  voltages  and  1  X  10“ 4  Torr  working  pres¬ 
sures.  Permanent  magnet  biasing  was  used  during  deposition 
and  rotated  by  90°  between  ferromagnetic  layers;  the  rotation 
was  carried  out  in  air,  with  20  A  of  Co  sputter-etched  back 
before  proceeding.  Two  comparison  structures,  nominally 
[Ta  (60  A)/]  NiFe(60  A)/Co(20  A)/Cu(28  A)/Co(20  A)/ 
NiFe(30  A)/FeMn(120  A)/Ta(50  A)  were  deposited  by  dc 
magnetron  sputtering  on  thermally  oxidized  (100)  Si  coated 
by  1500  A  A1203.  To  examine  the  effect  on  microstructure, 
one  was  deposited  with  and  the  other  without  the  Ta  under¬ 
layer.  Further  information  on  the  sputter-deposition  condi¬ 
tions  can  be  obtained  elsewhere.3  The  magnetic  and  magne¬ 
totransport  properties  of  the  layers  were  examined  using 
B-H  looper  magnetometry  and  four-point  probe  analysis. 
These  results  are  summarized  in  Table  I  and  are  discussed  in 
the  following  section. 

Cross-sectional  and  plane-view  TEM  specimens  were 
prepared  of  all  three  samples  using  standard  methods;10  low- 
angle  (—6°)  ion  milling  was  used  on  the  cross-sectional 
samples.  High-resolution  images  were  obtained  using  a  Phil¬ 
lips  EM430  (300  kV)  transmission  electron  microscope, 
which  has  —1.9  A  point-to-point  resolution.  Additional 
structural  information  was  gathered  using  standard  bright- 
and  dark-field  imaging  and  selected-area  diffraction  tech¬ 
niques. 

III.  RESULTS 

The  IBD  spin  valves  show  excellent  exchange  biasing 
and  extremely  low  pinned  layer  coercivity  (see  Table  I). 
Compared  by  the  exchange  product  H%(Mstf),n  the  IBD 
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TABLE  I.  Magnetic  and  magnetotransport  properties  of  the  spin  valves. 
Note  the  extremely  low  pinned  layer  coercivity  (# c2)  and  strong  exchange 
biasing  (Ku)  of  the  ion-beam-deposited  sample. 


Deposition 

method 

(A  R/R) 

Hc 

c2 

(Oe) 

Exchange 

bias 

He 

(Oe) 

Ku 

(merg/cm2) 

Ion  beam 

2.8% 

7.7 

125.0 

89.3 

dc  magnetron 
no  Ta  seed 

8.1% 

28.5 

73.4 

39.8 

Ta  seed  layer 

6.7% 

29.9 

170.0 

92.2 

sample  shows  only  3%  smaller  biasing  strength  than  the  Ta- 
seeded  sputtered  sample.  The  pinned  layer  coercivity  of  the 
ion-beam-deposited  sample,  on  the  other  hand,  is  approxi¬ 
mately  a  factor  of  4  less  than  that  of  the  Ta-seeded  sputter- 
deposited  sample:  only  8  Oe.  This  is  far  lower  than  values 
typically  found  for  sputter-deposited  spin  valves.  The  ex¬ 
change  biasing  of  the  unseeded  sputter-deposited  spin  valve 
was  weaker  than  either  of  the  others  and  about  half  that  of 
the  IBD  sample,  with  coercivity  roughly  equal  to  that  of  the 
Ta-seeded  structure. 

The  plane-view  diffraction  patterns  of  all  three  samples 
(Fig.  1)  show  fee  crystallization  of  the  metals  with  a  range  of 
lattice  parameters  between  3.54  and  3.66  A,  with  differences 
in  texture  and  the  amount  of  hep  Co  present.  These  lattice 
parameters  are  in  good  agreement  with  reported  bulk  values 
for  fee  Co,  Cu,  Ni80Fe20,  and  thin-film  y-Fe50Mn50  ( a 
=  3.54,  3.62,  3.55,  and  3.64,  respectively).9,12 

Highly  perfect  (111)  fee  and  (0002)  Co  textures  are  ob¬ 
served  in  the  IBD  spin  valve.  In  the  plane-view  diffraction 
pattern  (Fig.  1),  note  the  high  intensity  of  the  (220)  and  (422) 

fee  and  (3300)  Co  rings,  along  with  the  sharp  intensity  of 
the  innermost  (1100)  Co  ring.  Zero  diffracted  intensity  is 
observed  from  the  (200)  or  (111)  reflections,  so  no  (100)-  or 
(llO)-oriented  grains  are  present.  The  unseeded  dc 
magnetron-sputtered  sample  shows  much  weaker  diffraction 
overall,  and  purely  random  fee  polycrystalline  orientations. 
No  intensity  is  observed  for  hep  Co  at  the  (1 100)  reflection. 

With  the  addition  of  the  Ta  seed  layer,  predominant  (111) 
and  c-axis  texture  begins  to  emerge  from  dc  magnetron 
deposition,  although  significant  amounts  of  random  orienta¬ 
tions  are  still  present.  The  diffraction  rings  thus  represent  a 
midway  point  between  the  textural  extremes  of  the  ion- 
beam-deposited  and  unseeded  dc  magnetron- sputtered 
samples.  Strong  (220)  and  weaker  (111)  and  (200)  diffracted 
intensities  are  present  here,  as  are  (111)  and  (200)  fee  orien¬ 
tations.  A  weak  but  distinct  amount  of  (1 100)  Co  diffraction 
discernible  inside  the  fee  (111)  ring. 

No  amount  of  the  a-FeMn  (A  12)  phase  is  observed  in 
any  of  the  samples.  In  many  TEM  specimens  (not  shown 
here),  extra  rings  appear  which  index  to  a  fee  phase  with  a 
=  4.2  A.  The  source  of  this  is  uncertain  although  it  may  be 
an  artifact  of  the  specimen  preparation. 

Conclusions  about  the  degree  of  texturing  in  the  ori¬ 
ented  films  are  supported  by  the  cross-sectional  diffraction 
patterns  (insets,  Figs.  2  and  3).  While  the  IBD  spin  valve 
shows  <1°  of  angular  dispersion  in  the  perfect  (111)  fiber 


FIG.  1.  Selected-area-diffraction  patterns  of  the  three  plane-view  samples. 
Upper  right-hand  side:  perfect  (111)  fee  metal  and  c-axis  Co  texture  in  the 
IBD  sample.  Upper  left-hand  side:  strong  (111)  and  c-axis  texture,  with 
significant  (200)  fee  and  random  grain  orientations,  for  the  Ta-seeded  sput¬ 
tered  sample.  Lower  left-hand  side:  completely  random  fee  grain  orienta¬ 
tions  for  the  unseeded  sputtered  sample. 


FIG.  2.  High-resolution  cross-sectional  image  of  the  ion-beam-deposited 
spin  valve.  Inset:  selected-area-diffraction  pattern  illustrating  the  <1°  varia¬ 
tion  in  (111)  texture;  arrows  indicate  the  (111)  directions  on  the  image.  A 
region  of  hep  Co  is  indicated  by  “h.”  Nominal  interface  positions  are  shown 
on  the  left-hand  side. 
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IV.  DISCUSSION 


FIG.  3.  High-resolution  cross-sectional  image  of  the  sputtered,  Ta  seeded 
spin  valve.  Inset:  selected- area-diffraction  pattern  illustrating  the  ~10° 
variation  in  (111)  texture. 


texture,  the  Ta-seeded,  sputter-deposited  spin  valve  shows 
approximately  10°  dispersion.  The  perfect  texturing  is  appar¬ 
ent  from  the  cross-sectional  high-resolution  image  (Fig.  2)  as 
well.  Here,  the  horizontal  (111)  stacking  planes  extend  even 
over  distances  much  greater  than  the  grain  size  with  little 
undulation.  In  the  dc  magnetron-deposited  film  (Fig.  3),  the 
stacking  planes  waver  by  10°  over  50  A  length  scales  or  less. 
Some  regions  of  c -axis-textured  hep  Co  crystallization,  indi¬ 
cated  by  “h,”  are  visible  in  both  spin  valves.  These  coexist 
with  a  great  amount  of  fee  Co,  also  visible. 

The  average  grain  sizes  in  the  spin  valves  were  found 
from  HREM  images  of  the  plane- view  samples  (not  shown). 
Average  grain  sizes  were  larger  in  the  IBD  films  (120  A) 
than  in  the  dc  magnetron  sputtered  films  and  roughly  the 
same  size  in  the  seeded  as  in  the  unseeded  sputtered  films 
(50  A),  though  grains  in  the  latter  are  equiaxed  rather  than 
columnar.  The  cross-sectional  images  show  that  full  epitaxial 
growth  throughout  a  grain,  typical  in  the  ion-beam-deposited 
film,  is  not  operative  in  the  Ta-seeded  dc  magnetron- 
sputtered  film.  Thus,  the  grains  tend  to  extend  through  all  the 
layers  only  in  the  ion-beam-deposited  sample,  although  they 
may  traverse  multiple  layers  in  the  dc  magnetron- sputtered 
film.  Likely  related  to  this  difference  in  growth  mode,  how¬ 
ever,  is  the  development  of  a  convex  growth  front  at  the  top 
of  the  grains  of  FeMn,  on  the  order  of  25  A,  terminating  at 
the  grain  boundaries.  The  sputter-deposited  samples  show  a 
more  uniform  FeMn  surface  morphology. 


Some  relationships  between  microstructure  and  spin 
valve  properties  can  be  drawn  out  from  the  foregoing  results. 
First,  the  strength  of  exchange  biasing  was  seen  to  depend  in 
large  part  upon  the  degree  of  texture  throughout  the  layers. 
Strongly  textured  Co/NiFe(lll)/FeMn(lll),  deposited  by  ei¬ 
ther  ion-beam  or  dc  magnetron  sputtering,  provided  more 
than  twice  the  exchange  biasing  than  that  of  randomly  ori¬ 
ented  grains.  This  is  in  good  agreement  with  studies  done  on 
molecular-beam-epitaxy-deposited  NiFe/FeMn  bilayers  in 
various  orientations,  in  which  the  (lll)-oriented  samples 
were  seen  to  provide  some  50%  stronger  biasing  than  (100) 
and  (110)  orientations.13  Furthermore,  it  provides  some  con¬ 
firmation  for  the  near-linear  relationship  between  XRD  in¬ 
tensity  in  the  (111)  peak  and  HE  found  in  ion-beam  deposited 
NiFe/Cu/NiFe/FeMn  spin  valves  with  various  buffer  layers.12 

The  pinned  layer  coercivity  is  likely  to  correlate  with  the 
homogeneity  of  crystal  orientations  at  the  FI AF  interface.  In 
our  work,  the  waviness  of  the  (111)  planes,  clearly  visible  in 
the  Ta-seeded  sputter-deposited  sample,  is  completely  absent 
in  the  ion-beam-deposited  sample  and  accompanied  by  a 
fourfold  drop  in  Hcy  A  coercivity  dependence  on  textural 
dispersion  may  be  expected  to  the  extent  that  variations  in 
texture  introduce  local  inhomogeneities  in  the  energetics  of 
exchange  biasing,  and  is  consistent  with  the  similarly  low 
values  of  Hc  and  high  values  of  HE  reached  by  molecular- 
beam  epitaxial  deposition  of  NiFe(lll)/FeMn(lll)  on 
Cu(lll).12 
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As  a  result  of  combined  magnetization,  specific  heat,  electrical  resistivity,  and  neutron-scattering 
studies  on  single  crystals,  we  present  a  complex  magnetic  phase  diagram  of  UNiGa  that  exhibits 
several  antiferromagnetic  (AF)  phases  below  TN  =  39  K.  A  relatively  low  magnetic  field  (~  1— 1 .5  T) 
applied  along  the  c-axis  induces  metamagnetic  transitions  from  the  zero-field  AF  structures  to  an 
uncompensated  AF  and/or  to  a  ferromagnetic  (F)  phase.  All  the  magnetic  structures  are  collinear 
(uranium  magnetic  moments  parallel  to  the  c-axis  of  the  hexagonal  structure).  They  consist  of  F 
basal-plane  sheets  which  are  coupled  along  c  in  various  ways.  The  strongly  anisotropic  magnetism 
in  UNiGa  causes  anisotropy  of  the  electrical  resistivity.  The  magnetic  phase  transitions  are  reflected 
in  pronounced  resistivity  anomalies  especially  for  current  along  the  c-axis.  The  metamagnetic 
transitions  are  accompanied  by  giant  magnetoresistance  (GMR)  effects  which  can  be  correlated  with 
respective  changes  of  the  magnetic  periodicity.  This  implies  an  important  feature  of  the  mechanism 
responsible  for  GMR  phenomena  in  UNiGa.  The  strong  resistance  enhancement  in  the  paramagnetic 
range  when  approaching  TN  is  connected  with  AF  short-range  ordering  with  propagation  along  the 
c-axis.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)56708-7] 


UNiGa  is  one  of  uranium  ternary  compounds  UTX  (T 
transition  metal,  X~p  metal)  which  crystallize  in  the  hex¬ 
agonal  ZrNiAl-type  structure.1  This  structure  consists  of  the 
U-T  and  T-X  basal-plane  layers  alternating  along  the  c  axis. 
The  huge  uniaxial  magnetocrystalline  anisotropy  in  these 
materials  locks  the  uranium  magnetic  moments  along  the  c 
axis  which  leads  to  an  Ising-like  behavior.  The  anisotropy  is 
due  to  considerable  uranium  5/-orbital  moments  and  in  the 
strong  bonding  of  5/- states  in  the  U-T  planes. 

The  bonding  implies  the  anisotropic  5/- ligand  hybridiza¬ 
tion  which  mediates  anisotropic  exchange  interactions  be¬ 
tween  the  U  moments.  The  strong  F  exchange  interaction 
within  the  U-T  planes  yields  magnetic  structures  built  up  of 
F  basal-plane  sheets  (with  fi^Wc).  The  interaction  along  the 
c-axis  is,  as  a  rule,  considerably  weaker  but  it  plays  an  im¬ 
portant  role  in  determining  the  type  of  magnetic  ordering, 
because  it  provides  the  coupling  between  the  F  sheets. 

We  present  the  magnetic  phase  diagram  of  UNiGa  de¬ 
duced  from  results  of  magnetization,2  electrical  resistivity 
and  magnetoresistance,3  specific  heat,4  and  neutron¬ 
scattering  studies  performed  on  single  crystals.  Results  in¬ 
volving  application  of  magnetic  fields  have  been  obtained  in 
fields  parallel  to  the  c-axis,  which  is  the  easy  magnetization 
direction.  The  huge  uniaxial  anisotropy  prevents  perpendicu¬ 
lar  magnetic  fields  (at  least  up  to  35  T)  from  affecting  the 
magnetic  state  of  UNiGa. 

All  experiments  were  performed  on  samples  originating 
from  two  single  crystals  grown  in  a  Czochralski  tri-arc 
equipment  of  the  FOM  ALMOS  at  the  University  of  Amster¬ 
dam.  Both  crystals  were  checked  by  the  electron  microprobe 
and  found  to  be  stoichiometric  within  the  experimental  accu¬ 
racy  of  the  method.  Other  details  on  sample  preparation  can 


be  found  in  Ref.  5.  The  low-field  magnetization  was  mea¬ 
sured  in  the  field  of  1 .2  mT  in  a  SQUID  magnetometer.  The 
resistivity,  specific-heat,4  and  magnetization2  results  were 
taken  from  our  previous  work  where  experimental  details 
can  be  found.  Neutron-scattering  studies  were  carried  out  at 
temperatures  between  2  and  80  K  and  in  magnetic  fields  up 
to  2  T  on  double-axis  spectrometers  in  CEN  Grenoble  and 
HMI  Berlin.  We  also  present  additional  neutron- scattering 
data  obtained  in  zero  magnetic  on  a  triple-axis  spectrometer 
at  LLB  operating  in  elastic  mode. 

In  Fig.  1  we  present  the  detailed  magnetic  phase  diagram 
of  UNiGa  ( B-T  diagram  for  Bile).  In  zero  magnetic  field, 
four  antiferromagnetic  phases  can  be  observed  below  TN 
within  about  5  K.  The  effects  of  the  magnetic  phase  transi¬ 
tions  on  the  resistivity,  specific  heat,  magnetization,  and  peak 
intensities  of  characteristic  magnetic  reflections  in  the 
neutron-diffraction  experiment  are  plotted  in  Fig.  2,  from 
which  one  can  also  deduce  the  temperature  ranges  of  stabil¬ 
ity  of  the  AF  phases.1-4 

Magnetic  ordering  in  UNiGa  appears  through  a  second- 
order  phase  transition  around  39  K,  where  the  resistivity  and 
low-field  magnetization  display  only  faint  anomalies.  The 
appearance  of  satellite  reflections  h,k,l+S  with  <5=0.36- 
0.37  gives  a  clear  evidence  of  an  incommensurate  antiferro¬ 
magnetic  (IAF)  structure  with  the  wave  vector  q=(0,0,<5). 
The  transition  temperature  can  be  best  defined  from  the 
maximum  critical  scattering  anomaly  measured  for 
Q=  1,1,0.378  (Fig.  3).  Since  previous  estimates2-4  of  TN 
from  bulk  properties  had  a  relatively  large  scatter  due  to 
weakness  of  the  respective  anomalies,  we  consider  the 
present  value,  TN  =  39  K  to  be  the  most  reliable. 

The  IAF  phase  is  stable  down  to  37.3  K  (the  8  value  is 
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FIG.  1.  Magnetic  phase  diagram  of  UNiGa  for  magnetic  fields  applied  along 
the  c  axis:  (1)  incommensurate  AF  structure,  q=± (0,0,$, <5—0.36;  (2)  AF 
phase  with  q=±(0,0,l/3),  e.g.,  the  structure  with  frustrated  “paramagnetic” 
moments  in  each  third  U-T  plane,  i.e.,  (+0—);  (3)  AF  phase  with  the 
(+  +  -  +  --  +  -)  stacking,  q=±(0, 0,1/8),  ±(0, 0,3/8);  (4)  AF  phase  with 
the  (+4 - h — )  stacking,  q=±(0,0,l/2),  ±(0,0, 1/3),  ±(0,0, 1/6);  (5)  un¬ 

compensated  AF  phase  with  the  stacking  (4-4-—),  q=±(0, 0,1/3);  (6)  ferro¬ 
magnetic  phase,  q=±  (0,0,0);  (7)  paramagnetic  phase. 


varying  between  0.37  at  TN  to  0.36  at  37.5  K),  where  it 
transforms  to  the  phase  2  through  a  first-order  transition. 
This  phase  has  the  periodicity  3c,  but  zero  spontaneous  mag¬ 
netization.  This  may  be  conceived  with  a  stacking  sequence 


FIG.  2.  Temperature  dependence  of  the  (a)  specific  heat,  (b)  electrical  re¬ 
sistivity,  (c)  magnetization  in  a  field  1.2  mT  parallel  to  the  c  axis,  and  (d)  the 
peak  intensity  of  neutron-diffraction  magnetic  reflections  (•)  1,1, 4/3,  (■) 
1,1,11/S,  and  (▼)  1,1,0.36  in  zero  magnetic  field  measured  on  UNiGa  in  the 
temperature  range  30-40  K. 


FIG.  3.  Temperature  dependence  of  the  peak  intensity  of  the  magnetic 
Bragg  reflection  Q= 1,1,0.36  (•)  and  intensity  of  the  magnetic  scattering  at 
Q=  1,1,0.378  (+),  normalized  to  the  same  monitor  measured  at  zero  energy 
transfer  on  a  triple-axis  spectrometer. 


+0-,  where  0  means  the  basal-plane  layer  of  uranium  atoms 
with  the  zero-ordered  magnetic  moment.  Such  a  situation  can 
appear  in  the  case  of  a  balanced  AF  interaction  between 
nearest-neighbor  and  next-nearest-neighbor  uranium  planes. 
The  resistivity  drops  by  several  percent  at  this  transition. 

With  further  decreasing  temperature,  gradual  transforma¬ 
tion  of  the  magnetic  structure  to  the  ground-state  AF  phase  4 
with  the  stacking  (+  4-  -  +  — )  via  the  “intermediate”  phase 
3(+H - i - 1-—)  was  observed.  While  the  2— >3  is  associ¬ 

ated  with  a  substantial  increase  of  the  resistivity,  the  other 
(3— >4)  yields  a  somewhat  smaller  decrease.  As  evidenced  by 
the  neutron-diffraction  results,  both  transitions  are  character¬ 
ized  by  a  coexistence  of  neighboring  phases  over  a  certain 
critical  region  which  can  be  more  than  1  K  wide  (the  transi¬ 
tion  3<->4). 

The  uranium  moment,  which  is  ~1.4  jjlb  at  2  K,  does  not 
decrease  substantially  with  increasing  temperature  up  to  al¬ 
most  35  K,  where  it  retains  more  than  90%  of  its  low- 
temperature  value.  This  behavior  seems  to  be  more  general 
for  the  UTX  compounds  which  exhibit  high  anisotropy 
yielding  an  Ising-like  behavior. 

The  line  7*-»5  in  fields  between  —0.2  and  1  T  in  Fig.  1 
marks  the  first-order  transitions  in  contrast  to  the  second- 
order  transitions  7<-»l  in  lower  fields.  Also  the  transitions 
4<->5<->6  above  14  K  are  second-order  transitions.  The 
phases  1,  2,  and  3  are  stable  only  in  very  low  fields.  The 
propagation  vector  q  of  the  IAF  phase  gets  slightly  reduced 
under  application  of  field  (by  less  than  0.01  in  100  mT). 

The  hatched  area  in  the  magnetic  phase  diagram  below 
14  K  represents  the  B-T  region  in  which  magnetic  history 
phenomena  have  been  observed  by  the  bulk  measurements.2 
These  effects  are  reflected  also  on  the  microscopic  scale  in¬ 
cluding  the  relaxation  phenomena,  as  follows. 

(a)  For  T=  const  for  sweeping  the  applied  magnetic  field 
the  upper  (lower)  line  in  Fig.  1.  Marks  the  4— >6  (6— >4)  tran¬ 
sition.  This  fact  is  well  documented  by  the  large  hysteresis  of 
the  field  dependence  of  the  magnetization,  magnetoresistance 
and  magnetic  reflection  displayed  in  Fig.  4.  The  hatched  re¬ 
gion  represents  the  hysteresis,  which  increases  progressively 
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FIG.  4.  Field  dependence  of  the  (a)  magnetization,  (b)  reduced  electrical 
resistivity,  and  (c)  the  peak  intensity  of  the  neutron  diffraction  reflection 
1, 1,4/3  measured  on  UNiGa  single  crystal  at  4.2  K  in  magnetic  field  applied 
along  the  c  axis.  The  offsets  in  critical  fields  are  due  to  different  demagne¬ 
tization  fields  (different  sample  shapes)  in  particular  experiments. 


with  lowering  temperature.  The  metamagnetic  transitions  be¬ 
low  14  K  are  first  order  and  only  one  phase  (either  6  or  4)  is 
present  dependent  on  the  direction  of  a  field  sweep.  The 
same  holds  for  the  transitions  4— >6  and  6— >4  with  varying 
temperature. 

(b)  R=const  —0.73  T:  By  cooling  from  higher  tempera¬ 
tures  (phase  5)  down  to  the  “hysteresis  region”  we  reach  a 
mixed  state  consisting  of  phases  4  and  6.  This  is  clear  from 
the  simultaneous  observations  of  magnetic  intensities  char¬ 
acteristic  for  each  phase  (4  and  6),  and  from  bulk 
properties,2-4  as  well.  The  4+6  phase  mixture,  which  we 
observe  also  in  the  magnetoresistance  and  magnetization, 
seems  to  be  stable,  at  least  on  the  time  scale  of  minutes. 

As  we  have  mentioned  before,  the  metamagnetic  transi¬ 
tions  4^6  and  4^5 ^6  are  inducing  giant  resistance 
changes.  For  example,  the  effect  displayed  in  Fig.  4  repre¬ 
sents  almost  90%  reduction  of  the  resistance  [Ap/p(0T)  — 
-  0.9]  when  we  change  from  the  AF  structure  with 
q=0, 0,1/6  (magnetic  periodicity  6c)  to  the  F  phase  6  (q 
=0,0,0;  periodicity  lc).  Above  14  K,  the  transition  from  the 
phase  4  to  6  is  realized  by  two  steps  via  the  uncompensated 
AF  phase  5  (q= 0,0, 1/3,  magnetic  periodicity  3  c)  yielding 
the  spontaneous  magnetization  of  5  Ms  (Ms  is  the  magneti¬ 
zation  in  the  F  phase).  The  magnetoresistance  also  shows 
two  transitions,3  and  the  resistivity  change  between  phases 
4  and  5  is  also  approximately  1/3  of  that  between  phases  4 
and  6. 

All  the  magnetoresistance  changes  connected  with  the 
metamagnetic  transitions  between  various  phases  in  UNiGa 
are  qualitatively  correlating  with  the  change  in  the  periodic¬ 
ity  of  corresponding  magnetic  structures.  The  increase  of  the 
magnetic  periodicity  is  followed  by  a  positive  resistivity 


change.  This  observed  systematic  behavior  points  to  the  pos¬ 
sible  following  scenario  based  on  the  high-resistivity  state  in 
antiferromagnets  appearing  due  to  superzone  boundary  for¬ 
mation  (Fermi-level  gapping).  Thus,  the  additional  magnetic 
periodicity  yields  the  reduction  of  the  carrier  concentration 
and  consequently  enhances  the  resistivity.  In  the  gapping 
model  of  Elliot  and  Wedgwood,6  the  resistivity  in  the  local- 
moment  AF  state  can  be  described  by 


PO  +  Pe-p+Pspd 

1  ~gm(T) 


(1) 


where  m(T)  is  the  normalized  sublattice  (staggered)  magne¬ 
tization,  p0  the  residual  resistivity,  pe„p  the  contribution  of 
electron-phonon  scattering,  and  pspd  is  the  magnetic  contri¬ 
bution  (spin-disorder  scattering).  The  truncation  parameter  g 
characterizes  the  effective  reduction  of  the  number  of  con¬ 
duction  electrons  due  to  the  Fermi-level  gapping.  The  differ¬ 
ence  between  the  resistance  in  the  F  and  AF  state  depends  on 
the  width  in  the  electron  energy  spectrum,  which  scales  with 
the  exchange  coupling  parameter  between  the  local  moments 
and  conduction  electrons.  The  exchange  coupling  parameter 
can  be  significantly  enhanced  in  case  of  U  local  moments 
connected  with  the  5/  states  forming  a  narrow  band  at  EF .  A 
more  detailed  discussion  of  magnetoresistance  in  UTX  com¬ 
pounds  will  be  published  elsewhere.7 

The  last  point  we  want  to  discuss  is  the  anomalous  tem¬ 
perature  behavior  of  the  resistivity  for  the  current  along  the  c 
axis  (i\\c),  i.e.,  sensing  the  AF  coupling  between  uranium 
moments.  Below  80  K,  the  resistivity  starts  to  increase  with 
decreasing  temperature.  The  increase  becomes  gradually 
more  pronounced  when  approaching  Tn.  The  fact  that  this 
increase  can  be  suppressed  by  applied  fields  corroborates  the 
idea  that  the  negative  dpIdT  above  TN  is  due  to  incipient  AF 
correlations.2,5  The  fact  that  a  non-negligible  neutron  scatter¬ 
ing  (elastic)  intensity  at  Q=  1,1,0.378  (see  Fig.  3)  can  be 
detected  far  above  the  Neel  temperature  indicates  that  at  least 
part  of  the  enhanced  resistance  should  be  due  to  short-range 
AF  ordering,  which  probably  persists  up  to  2  TN.  A  more 
detailed  account  of  the  diffuse  scattering  at  TN  will  be  a 
subject  of  a  forthcoming  article. 
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Spin-valve  structures  with  a  magnetic  material  buffer  layer,  CoNbZr/NiFe/Co90Fe10/Cu/Co90Fe10/ 
Fe50Mn50 ,  were  prepared  on  a  oxidized  Si  substrate.  From  x-ray  diffraction  analysis,  it  was  shown 
that  the  CoNbZr/NiFe  buffer  layer  enhances  the  fee  (111)  orientation  of  the  spin-valve  structure  on 
oxidized  Si.  After  annealing,  the  giant  magnetoresistance  (GMR)  ratio  of  Ap/p=8%  and  the  soft 
magnetic  properties  of  Hc— 0.1  Oe  and  Hk= 2.8  Oe  were  obtained.  The  sensitivity  of  GMR,  A(Ap/ 
p)/A//,  of  1.4%/Oe  is  achieved.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)56808-4] 


I.  INTRODUCTION 

In  recent  years,  the  giant  magnetoresistance  (GMR)  in 
spin-valve  structure  is  attracting  much  attention.1-4  In  the 
spin-valve  structures,  large  antiferromagnetic  coupling  be¬ 
tween  two  magnetic  layers  across  the  intervening  nonmag¬ 
netic  layer  is  not  needed,  because  one  of  the  ferromagnetic 
layers  is  biased  by  exchange  coupling  from  the  antiferromag¬ 
netic  layer.  Therefore  it  is  easy  to  obtain  good  soft  magnetic 
properties  and  this  makes  the  spin  valve  structure  very  inter¬ 
esting  for  sensor  applications  such  as  the  MR  head  in  high- 
density  magnetic  recording.  For  such  applications,  a  high 
MR  ratio  and  good  thermal  stability  are  required.  The  Co/Cu 
spin-valve  structure  satisfies  this  requirement,  but  it  is  diffi¬ 
cult  to  obtain  good  soft  magnetic  properties  with  this  struc¬ 
ture. 

On  the  other  hand,  the  Co90Fe10  film  with  low  magneto¬ 
striction  is  expected  to  show  soft  magnetic  properties  be¬ 
cause  an  fee  phase  is,  according  to  its  equilibrium  phase 
diagram,  stable  in  the  presence  of  Fe,  and  an  (lll)-oriented 
fee  phase  suppresses  the  softness  deterioration  due  to  mag¬ 
netocrystalline  anisotropy.  In  the  previous  article,  we  re¬ 
ported  that  the  Co90Fe10/Cu  spin- valve  structure  prepared  on 
the  sapphire  substrate  showed  a  good  (111)  orientation  and 
an  MR  ratio  of  about  13%  with  a  hysteresis  of  less  than  1  Oe 
for  the  magnetization  rotation  mode.5  However,  the  spin- 
valve  structure  prepared  on  the  oxidized  Si  substrate  showed 
a  weak  (111)  orientation  and  an  MR  ratio  less  than  9%  with 
a  large  hysteresis  loop.  From  technological  viewpoints,  it  is 
very  important  to  obtain  good  spin-valve  properties  on  the 
oxidized  Si  substrate. 

In  this  article,  we  investigated  a  magnetic  material  buffer 
layer  CoNbZr  (100  A)/NiFe  (20  A).  This  buffer  layer  is  ex¬ 
pected  to  enhance  the  (111)  orientation  of  the  spin-valve 
structure,  because  the  surface  of  this  buffer  layer  is  com¬ 
posed  of  the  NiFe  (111)  plane  with  high  orientation;  More¬ 
over,  this  buffer  layer  is  also  expected  to  enhance  soft  mag¬ 
netic  properties  of  the  spin- valve  structure  by  its  own  good 
soft  magnetic  properties.  We  also  studied  the  annealing  effect 
of  the  proposed  spin-valve  structure. 

II.  EXPERIMENTAL 

The  spin-valve  structure  of  Co90Fe10  (47  A)/Cu  (22  A)/ 
Co90Fei0  (47  A)/Fe50Mn50  (150  A)  was  prepared  on  oxidized 


Si  (hereafter  called  “Si02  sample”)  and  c-axis  oriented  sap¬ 
phire  substrates  (hereafter  called  “sapphire  sample”)  by  con¬ 
ventional  magnetron  sputtering.  A  magnetic  field  was  applied 
on  the  film  plane  during  deposition,  in  order  to  induce  a 
unidirectional  bias  field  to  the  CoFe  layer  in  contact  with  the 
FeMn  layer.  The  spin-valve  structure  with  a  magnetic  mate¬ 
rial  buffer  layer,  CoNbZr  (100  A)/NiFe  (20  A)/Co90Fe10 
(49  A)/Cu  (28  A)/Co90Fe10  (49  A)/Fe50Mn50  (80  A),  was 
prepared  on  oxidized  Si  substrates  (hereafter  called  “buffer 
sample”).  First,  the  CoNbZr  and  NiFe  layers  were  prepared 
by  ion  beam  sputtering.  Then,  the  prepared  sample  was  ex¬ 
posed  to  the  atmosphere,  and  brought  into  another  sputtering 
chamber.  The  buffer  layer  was  not  cleaned  by  sputter  etching 
after  introduction  to  the  deposition  chamber,  because  a  sput¬ 
ter  etching  will  cause  the  surface  roughness.  So  the  surface 
of  the  buffer  layer  should  be  shallow  oxidized.  Then,  the 
Co90Fe10  /Cu/Co90Fe10Fe50Mn5o  layer  was  prepared  on  the 
buffer  layer  as  describe  above. 

The  magnetoresistance  ratio  was  measured  by  the  four- 
point  method  at  room  temperature  by  applying  a  magnetic 
field  to  the  unidirectional  bias  field.  Magnetization  curves 
were  measured  with  a  vibrating  sample  magnetometer.  The 
crystal  structure  was  measured  by  x-ray  diffraction  6-20 
method  with  the  Cu  Ka  line. 

III.  RESULTS 
A.  Crystal  structure 

Figure  1  shows  x-ray  diffraction  patterns  around  the  fee 
(111)  peak  of  representative  samples.  In  case  of  the  sapphire 
sample,  some  well-separated  peaks  with  large  intensity  were 
observed.  On  the  other  hand,  the  patterns  of  the  Si02  sample 
show  a  single  broad  peak  around  the  (111)  peak  with  small 
intensity.  Figure  1  also  shows  the  patterns  of  a  buffered 
sample.  Some  clear  peaks  are  observed  and  their  intensity  is 
larger  than  the  Si02  sample.  This  result  shows  that  the  buffer 
layer  enhances  the  (111)  orientation  of  the  spin- valve  struc¬ 
ture. 

In  order  to  clarify  if  these  peaks  are  attributable  to  the 
multilayered  structure  with  the  preferred  (111)  orientation, 
calculations  on  the  x-ray  diffraction  patterns  were  carried  out 
by  the  kinematic  theory  including  interfacial  disorder.6,7  We 
assume  that  the  spin-valve  structure  is  composed  by  four 
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20  (deg.) 

FIG.  1.  X-ray  diffraction  patterns  of  CoFe/Cu  spin-valve  structures  with 
calculated  x-ray  diffraction  patterns.  Circles  and  lines  represent  experimen¬ 
tal  values  and  calculation  results,  respectively,  (a)  Co90Fe]0  (47  A)/Cu  (22 
A)/Co90Fe10  (47  A)/Fe50Mn50  (150  A)  spin  valve  prepared  on  sapphire  sub¬ 
strate  (sapphire  sample),  (b)  Co90Fei0  (47  A)/Cu  (22  A)/Co90Fe10  (47  A)/ 
Fe50Mn50  (150  A)  spin  valve  prepared  on  oxidized  Si  substrate  (Si02 
sample),  (c)  CoNbZr  (100  A)/NiFe  (20  A)/Co90Fe10  (49  A)/Cu  (28  A)/ 
Co90Fe10  (49  A)/Fe50Mn50(80  A)  prepared  on  oxidized  Si  substrate  (buffered 
sample). 


crystalline  layers,  each  layer  has  materials,  lattice  stacking 
Nt  with  lattice  spacing  dt  and  interfacial  distance  between 
the  adjacent  layers  is  at .  The  and  a{  values  have  Gaussian 
distribution  of  widths  cf  and  cf,  respectively.  Then  the  x-ray 
profiles  are  described  as 


/(GW(Q)-F*(fi)>, 


(1) 


where  F(Q)  is  the  structure  factor  and  the  symbols  (  )  de¬ 
note  averaging  by  integrating  over  all  real  interface  distance. 
The  structure  factor  F(Q)  can  be  written  as 


FIG.  2.  Cross-sectional  view  of  Co90Fe10  (50  A)/Cu  (30  A)/Co90Fe10  (50  A) 
sandwich  structure  prepared  on  oxidized  Si  substrate. 


f(q)=2 


2  KUQ ) 


exp(iQndi) 


i- 1 


x  ifi-2  ( aj+Njdj ) 

'  j=0 


(2) 


where  Mff  is  atomic  density  for  atom  m  (Co,  Fe,  Mn,  and 
Cu)  in  the  nth  atomic  layer  and  fm(Q)  is  the  atomic  scatter¬ 
ing  factor  of  atom  m . 

Fitting  was  carried  out  on  the  following  assumptions:  (1) 
the  Fe50Mn50  layer  is  oxidized  very  easily.  Therefore  we  as¬ 
sume  a  surface  oxidized  layer  having  an  amorphous  struc¬ 
ture,  and  its  thickness  is  determined  by  fitting.  (2)  all  cf 
values  are  equal  to  zero.  This  means  that  all  layers  have 
almost  the  same  fluctuation,  because  the  lattice  spacing  fluc¬ 
tuation  value  does  not  affect  the  shape  of  the  profiles,  if  all 
layers  take  the  same  cf  value.  (3)  All  cf  values  are  equal  to 
ca,  and  can  be  determined  by  fitting. 

The  fitting  does  not  include  the  effect  of  interlayer  dif¬ 
fusion  or  substrate  roughness.  The  values  of  ca  did  not  mean 
the  widths  of  the  interfacial  region,  but  mean  the  interface 
fluctuation. 

Figure  1  shows  the  experimental  and  calculated  x-ray 
diffraction  profile.  The  calculated  profile  of  sapphire  sample 
agrees  well  with  the  experimental  one  if  ca  is  assumed  to  be 
0.2  A.  On  the  other  hand,  the  calculated  profile  of  Si02 
sample  agrees  well  with  the  experiment  with  the  assumption 
ca=0.4-0.6  A.  Further,  the  best  agreement  was  obtained  for 
the  profile  of  buffered  sample  with  ca=0A  A. 

These  results  show  that  the  interface  fluctuation  of  buff¬ 
ered  sample  is  still  larger  than  that  of  the  sapphire  sample 
and  at  the  same  level  with  that  of  the  Si02  sample,  although 
the  preferred  (111)  orientation  is  enhanced  by  the  buffer 
layer. 

The  x-ray  diffraction  6-26  method  detects  the  crystal 
structure  perpendicular  to  the  substrate.  In  order  to  clarify  the 
in-plane  crystal  structure,  we  observed  by  transmission  elec¬ 
tron  micrography  the  cross-section  view  of  the  Co90Fe10  (50 
A)/Cu  (30  A)/Co90Fe10  (50  A)  sandwich  structure  prepared 
on  the  oxidized  Si  substrate.  Figure  2  shows  that  the  struc¬ 
ture  has  very  rough  and  undulating  interfaces.  The  sample 
seems  to  have  the  columnar  structure. 
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FIG.  3.  Magnetoresistance  curve  of  CoFe/Cu  spin-valve  structures:  (a) 
Co90Fe10  (47  A)/Cu  (22  A)/Co90FeI0  (47  A)/Fe50Mn50  (150  A)  prepared  on 
sapphire  substrate  (sapphire  sample),  (b)  Co90Fe10  (47  A)/Cu  (22  A)/ 
Co90Fe10  (47  A)/Fe50Mn50  (150  A)  prepared  on  oxidized  Si  substrate  (Si02 
sample),  (c)  CoNbZr  (100  A)/NiFe  (20  A)/Co90Fe10  (49  A)/Cu  (28  A)/ 
Co90Fe10  (49  A)/Fe5OMn50(80  A)  prepared  on  oxidized  Si  substrate  (buffered 
sample). 


B.  GMR  characteristics 

Figure  3  shows  the  magnetic  field  dependence  of  the  MR 
ratio  of  three  samples.  The  typical  characteristic  of  spin- 
valve  magnetoresistance  is  observed.  The  MR  ratio  of  the 
sapphire  sample  is  10.8%.  On  the  Si02  sample,  on  the  other 
hand,  the  MR  ratio  is  8.5%,  and  the  MR  ratio  of  the  buffered 
sample  is  7.0%.  Because  there  is  a  short  current  by  the  buffer 
layer  in  buffered  sample,  the  MR  ratio  of  buffered  sample  is 
essentially  comparable  with  the  Si02  sample.  It  is  suggested 
by  the  x-ray  diffraction  analysis  that  buffered  sample  has  the 
(111)  preferred  orientation,  but  the  interface  coherency  is  the 
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FIG.  4.  Magnetoresistance  curve  of  CoNbZr  (100  A)/NiFe  (20  A)/ 
Co90Fe10  (49  A)/Cu  (28  A)/Co90Fej0  (49  A)/Fe50Mn50  (80  A)  after  anneal¬ 
ing. 

same  as  the  Si02  sample.  The  MR  ratio  of  the  spin-valve 
structure  will  be  affected  by  interface  coherency. 

On  the  other  hand,  hysteresis  loop  of  buffered  sample  is 
very  small.  This  is  a  result  of  the  enhancement  of  (111)  pre¬ 
ferred  orientation.  The  Hc  value  was  successfully  lowered 
from  66  Oe  of  Si02  sample  to  5  Oe  of  buffer  sample.  This 
decrease  of  Hc  comes  partially  from  good  soft  magnetic 
properties  of  the  buffer  layer. 

To  improve  soft  magnetic  properties,  we  annealed  the 
buffered  sample.  In  annealing,  the  temperature  was  increased 
to  250  °C  and  kept  in  magnetic  field.  In  cooling  process,  the 
applied  magnetic  field  was  rotated  90°.  Because  only  the 
unidirectional  bias  field  rotates  at  low  temperatures,  the  free 
Co90Fe10  layer’s  easy  axis  becomes  almost  orthogonal  to  that 
of  the  exchange-biased  Co90Fe10  layer.  Figure  4  shows  the 
magnetic  field  dependence  of  the  MR  ratio  after  annealing. 
The  MR  ratio  were  enhanced  by  annealing  and  reached  8%. 
Soft  magnetic  properties  were  enhanced  and  Hc— 0.1  Oe  and 
Hk= 2.8  Oe.  The  sensitivity  of  GMR,  A(Ap/p)/A//,  became 
1.4%/Oe. 

*B.  Dieny,  V.  S.  Speriosu,  S.  Metin,  S.  S.  P.  Parkin,  B.  A.  Gurney,  P. 
Baumgart,  and  D.  R.  Wilhoit,  J.  Appl.  Phys.  63,  4774  (1991). 

2B.  Dieny,  V,  S.  Speriosu,  and  S.  Metin,  Europhys.  Lett.  15,  227  (1991). 
3B.  Dieny,  V.  S.  Speriosu,  S.  S.  P.  Parkin,  B.  A.  Gurney,  D.  R.  Wilhoit,  and 
D.  Mauri,  Phys.  Rev.  B  43,  1297  (1991). 

4B.  Dieny,  J.  P.  Nozieres,  V.  S.  Speriosu,  B.  A.  Gurney,  and  D.  R.  Wilhoit, 
Appl.  Phys.  Lett.  61,  2111  (1992). 

5H.  Iwasaki,  Y.  Kamiguchi,  and  M.  Sahashi,  J.  Magn.  Soc.  Jpn.  18,  Suppl. 
SI,  359  (1994). 

6J.  P.  Locquet,  D.  Neerinck,  L.  Stockman,  Y.  Bruynseraede,  and  I.  K. 
Schuller,  Phys.  Rev.  B  39,  13338  (1989). 

7E.  E.  Fullerton,  I.  K.  Schuller,  H.  Vanderstraeten,  and  Y.  Bruynseraede, 
Phys.  Rev.  B  45,  9292  (1992). 


Kamiguchi  et  al.  6401 
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Three  wire  arrays,  each  comprised  of  a  different  type  of  giant  magnetoresistive  (GMR)  multilayer, 
were  fabricated  by  high-resolution  electron-beam  lithography  and  lift-off  techniques.  With  a  GMR 
multilayer  of  the  biquadratic-coupling  type,  a  magnetic  field  applied  parallel  to  the  wires  produced 
a  larger  MR  change  and  higher  response  than  in  the  corresponding  unpattemed  multilayered  film; 
however,  the  wire  structures  worsened  the  MR  characteristics  of  two  other  types  of  GMR 
multilayers.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)56908-0] 


i.  INTRODUCTION 

There  is  considerable  interest  in  the  physical  properties 
of  microfabricated  materials,  in  which  the  geometry  and 
spacing  are  well  defined.  To  date,  the  authors  have  observed 
unique  magnetic  and  microwave  absorption  characteristics  in 
submicron-size  Ni80Fe20  or  Go  wire  and  box  arrays.1-4  As 
one  application  of  these  laterally  artificial  structures,  the 
present  study  looks  at  multilayered  wire  arrays  prepared  with 
the  goal  of  obtaining  superior  magnetoresistance  (MR)  char¬ 
acteristics. 

Various  multilayered  materials  display  a  giant  MR 
(GMR)  when  the  moments  of  ferromagnetic  layers  separated 
by  a  nonmagnetic  layer  are  turned  from  parallel  to 
antiparallel.5-7  However,  there  is  evidence  that  the  magneti¬ 
zation  states  never  reach  fully  antiparallel  and  parallel  align¬ 
ments  because  of  the  domain  structures  in  the  plane.8  Induc¬ 
ing  strong  shape  anisotropy  by  fabricating  the  micron-size 
magnetic  wires  is  expected  to  be  effective  in  overcoming  the 
involvement  of  the  magnetic  domains.  Consequently,  the  an¬ 
tiparallel  and  parallel  alignments  should  be  improved  in  the 
multilayered  wires,  and  therefore  the  MR  should  be  larger 
than  that  of  corresponding  unpattemed  multilayered  films.  In 
addition,  the  shape  anisotropy  is  expected  to  restrain 
Barkhausen  noise  which  is  a  serious  problem  in  device  ap¬ 
plications.  The  above-mentioned  ideas  motivated  us  to  pre¬ 
pare  multilayered  wire  structures. 

“Array”  samples  were  considered  because  they  have  an 
advantage  in  the  study  of  microfabricated  materials;  using 
array  samples  including  a  large  number  of  wires  makes  it 
possible  to  apply  conventional  techniques  to  characterize 
physical  properties. 

We  report  here  the  results  of  an  investigation  on  the  MR 
and  magnetic  characteristics  of  wire  arrays  comprised  of 
three  types  of  GMR  multilayers. 

II.  EXPERIMENT 

The  wire  arrays  were  fabricated  by  high-resolution 
electron-beam  lithography  and  lift-off  techniques.  Resist 
films  of  l-/rm-thick  polymethyl  methacrylate  (PMMA) 
coated  on  Si(100)  wafers  were  directly  exposed  to  an  elec¬ 
tron  beam  whose  acceleration  voltage  ranged  between  25 
and  50  kV.  The  typical  exposure  area  (equivalent  to  the 
sample  size)  was  8X8  mm2.  The  wire  width  and  spacing 
were  varied  from  0.6  to  10.0  ^m.  After  baking  at  473  K 
under  a  nitrogen  atmosphere  for  20  min,  the  samples  were 


developed  using  methylisobutyl  ketone.  Next,  various  GMR 
multilayers  were  prepared  on  the  lithographic  resist  mask  by 
ion-beam  sputtering  at  room  temperature.  All  the  samples 
possessed  only  one  period.  Ar  gas  pressure  was  held  constant 
at  4.2X  10-5  Ton*  during  deposition.  The  remaining  resist 
material  was  removed  with  an  acetone  lift-off  process.  A  thin 
Au  film  was  evaporated  on  both  ends  of  the  wires  to  serve  as 
electrodes.  The  distance  between  the  Au  electrodes  was  held 
constant  at  1  mm.  Thus,  the  aspect  ratio  in  the  multilayered 
wires  ranged  from  100  to  1700,  resulting  in  strong  shape 
anisotropy. 

The  artificial  structures  of  the  arrays  that  were  prepared 
were  observed  by  scanning  electron  microscopy  (SEM).  The 
MR  was  measured  at  room  temperature  in  a  four-terminal 
geometry  with  a  direct  current.  A  magnetic  field  H  up  to  250 
G  was  applied  parallel  to  the  array  plane  and  at  a  variable 
angle  to  the  axes  of  the  wires.  In  the  present  study  the  MR 
ratio  was  determined  as  follows: 

MR  ratio=  A/?//?(//max),  (1) 

where  A R  is  the  MR  change  [that  is,  Rm&x- R(Hmax)]  and 
R(H max)  is  the  MR  at  the  maximum  measuring  field.  Mag¬ 
netization  M  and  hysteresis  loops  were  measured  at  room 
temperature  using  a  vibrating  sample  magnetometer. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  SEM  image  of  an  Fe50Mn50  (7.0  nm)/ 
Ni80Fe20  (3.4  nm)/Co  (0.6  nm)/Cu  (2.8  nm)/Co  (0.6  nm)/ 
Ni80Fe2o  (5.4  nm)  wire  array  with  widths  and  spacings  of  0.9 
yum.  The  measured  widths  were  equal  to  the  spacings,  as 


—  I  [im 


FIG.  1.  SEM  image  of  Fe50Mn50  (7.0  nm)/Ni80Fe2o  (3.4  nm)/Co  (0.6  nm)/Cu 
(2.8  nm)/Co  (0.6  nm)/Ni80Fe20  (5.4  nm)  wire  array  with  widths  and  spacings 
of  0.9  /ton. 


6402  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)76402/3/$  1 0.00 


©  1996  American  Institute  of  Physics 


M-H  curve  MR  curve 


FIG.  2.  Angular  dependence  of  magnetization  and  MR  curves  for  Fe  (5.0 
nm)/Ni80Fe20  (4.0  nm)/Co  (0.6  nm)/Cu  (4.0  nm)/Co  (4.0  nm)  multilayered 
film  and  wire  array  with  widths  of  2.6  /xm  and  spacings  of  1.2  ^m. 


designed.  The  linearity  of  each  wire  was  good  enough  to 
allow  for  the  following  meaningful  discussion  of  the  physi¬ 
cal  properties.  The  other  GMR  multilayers  exhibited  similar 
SEM  images. 

Figure  2  shows  the  angular  dependence  of  the  M-  H  and 
MR  curves  of  an  Fe  (5.0  nm)/Ni80Fe20  (4.0  nm)  /Co  (0.6 
nm)/Cu  (4.0  nm)/Co  (4.0  nm)  multilayered  film  with  no  pat¬ 
tern  and  a  wire  array  with  widths  of  2.6  /um  and  spacings  of 
1.2  /urn.  Here,  an  ultrathin  Co  layer  was  added  to  the 
Ni80Fe2o  layer  to  enhance  the  interfacial  spin-dependent 
scattering.9  In  this  measurement,  we  defined  the  field  angle 
to  be  0°  when  the  magnetic  field  was  applied  parallel  to  the 
stripes.  The  film  sample  displayed  an  isotropic  magnetization 
switching  process  associated  with  the  different  coercive 
fields  Hc .  Namely,  the  magnetic  moments  of 
Fe/Ni80Fe20/Co,  with  the  smaller  Hc,  initially  rotated  with 
decreasing  field  (arrow  1).  Next,  magnetization  switching  of 
the  Co  layer,  with  the  larger  Hc ,  gradually  occurred  as  indi¬ 
cated  by  arrow  2.  In  the  figure,  the  features  of  the  MR  curve 
correspond  well  with  those  of  the  M-H  curve.  The  MR  ratio 
was  2.89%,  being  less  than  that  observed  in  similar  films 
with  a  few  tens  of  periods.6  The  M-H  curve  along  the  easy 
axis  of  the  wire  array  (0°)  showed  a  rectangular  loop  with 
indistinct  steps.  This  suggests  that  strong  shape  anisotropy 
reduces  the  difference  in  the  coercive  field  between  the 
Fe/Ni80Fe20/Co  and  Co  layers.  As  a  result,  only  partial  anti¬ 
parallel  alignment  is  achieved  and  the  MR  was  negligibly 
small.  At  the  field  angle  of  70°  the  magnetization  process 
became  spread  over  larger  field  range.  This  behavior  can  be 
qualitatively  modeled  by  assuming  the  existence  and  proper¬ 
ties  of  a  demagnetizing  field.  Here,  it  is  important  to  note 
that  the  step  as  shown  by  the  arrow  is  present  in  the  M-H 
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FIG.  3.  Angular  dependence  of  magnetization  and  MR  curves  for  Ni80Fe20 
(6.0  nm)/Co  (0.6  nm)/Cu  (4.0  nm)/Co  (4.0  nm)  multilayered  film  and  wire 
array  with  widths  of  2.6  /mi  and  spacings  of  1.2  fx m. 


curve,  indicating  the  appearance  of  the  difference  in  the  co¬ 
ercive  field.  Thus,  the  MR  curves  that  were  observed  around 
this  angle  possessed  the  same  shape  as  those  of  the  film 
sample,  though  broader.  In  the  hard  axis  (90°),  the  magnetic 
and  MR  characteristics  were  strongly  affected  by  a  demag¬ 
netization  field;  however,  the  MR  change  was  large,  suggest¬ 
ing  that  the  difference  in  the  coercive  field  was  maintained  in 
the  multilayered  wires.  In  summary,  the  MR  characteristics 
of  the  Fe/Ni80Fe20  /Co/Cu/Co  multilayered  wire  arrays  along 
the  easy  axis  were  not  improved,  as  expected,  because  the 
coercivities  are  equalized  by  the  shape  anisotropy. 

Next,  we  discuss  wire  arrays  fabricated  from 
biquadratic-coupled  multilayers.  Since  the  magnetization 
states  of  these  materials  is  controlled  by  “exchange  cou¬ 
pling,”  the  effect  of  the  shape  on  the  MR  characteristics 
seems  to  be  small.  Figure  3  shows  the  angular  dependence  of 
the  M-H  and  MR  curves  of  a  Ni80Fe20  (6.0  nm)/Co  (0.6 
nm)/Cu  (4.0  nm)/Co  (4.0  nm)  multilayered  unpattemed  film 
and  a  wire  array  with  widths  of  2.6  /am  and  spacings  of  1.2 
yion.  The  film  sample  displayed  a  steep  MR  change.  We  con¬ 
sider  that  biquadratic  coupling  between  the  Ni80Fe20/Co  and 
Co  layers  is  responsible  for  this  behavior.  10“ 13  The  MR  ratio 
was  3.47%,  being  less  than  that  of  similar  films  with  several 
periods.14  Along  the  wire  axes  of  the  array  sample  (0°)  it  is 
worth  noting  that  the  MR  is  increased  in  the  wire  structure 
sample  compared  with  the  unpattemed  sample.  The  increase 
in  the  MR  ratio  from  3.47%  to  4.13%  is  probably  due  to  the 
fact  that  the  shape  anisotropy  improved  the  magnetic  align¬ 
ments  in  the  multilayers.  The  improvement  in  sensitivity  is 
attributable  to  the  steep  magnetization  switching  without  the 
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Magnetic  field  (G)  Magnetic  field  (G) 

FIG.  4.  Angular  dependence  of  magnetization  and  MR  curves  for 
Fe50Mn5o  (7.0  nm)/Ni80Fe2o  (3.4  nm)/Co  (0.6  nm)/Cu  (2.8  nm)/Co  (0.6  nm)/ 
Ni8oFe2o  (5.4  nm)  multilayered  film  and  wire  array  with  widths  and  spacings 
of  0.9  jam. 

involvement  of  domain  structures  in  the  easy  axis.  Similar 
experimental  results  were  observed  in  the  other  Ni80Fe2o  (6.0 
nm)/Co  (0.6  nm)/Cu  (4.0  nm)/Co  (4.0  nm)  multilayered  wire 
arrays  with  micron-size  widths  and  spacings.  This  result  in¬ 
dicates  that  the  magnetization  states  controlled  by  the  biqua¬ 
dratic  coupling  was  maintained  in  the  wire  arrays.  For  mul¬ 
tilayered  wire  arrays  of  this  type,  the  optimal  combination  of 
wire  width  and  spacing  to  obtain  superior  MR  characteristics 
is  currently  under  investigation.  As  shown  in  Fig.  3,  the  steep 
MR  change  was  gradually  buried  in  the  broad  component 
with  increasing  field  angle.  This  is  due  to  the  demagnetizing 
field  arising  from  a  narrow  width.  The  step  in  the  M-H 
curve  that  was  observed  at  70°  indicates  the  difference  in  the 
coercive  field  between  the  Ni80Fe20/Co  and  Co  layers.  This 
indicates  the  coexistence  of  two  kinds  of  mechanisms  that 
control  the  magnetization  orientation,  i.e.,  biquadratic  cou¬ 
pling  and  different  intrinsic  coercive  fields. 

Finally,  the  physical  properties  of  wire  arrays  comprised 
of  an  exchange-coupled  spin-valve  multilayer,  i.e., 
Fe50Mn50  (7.0  nm)/Ni80Fe20  (3.4  nm)/Co  (0.6  nm)/Cu  (2.8 
nm)/Co  (0.6  nm)/Ni80Fe20  (5.4  nm)  are  discussed.  Figure  4 
shows  the  M-H  and  MR  curves  of  the  film  and  wire  array. 
Here,  the  MR  curves  of  the  array  sample  are  minor  loops 
measured  between  -100  and  100  G.  The  wire  widths  and 
spacings  were  both  0.9  /am.  In  comparison  with  the  film,  the 
physical  properties  of  the  wire  array  can  be  characterized  as 
follows: 


(1)  broader  MR  curves; 

(2)  weaker  pinning  effect  by  the  Fe50Mn50  layer;  and 

(3)  weaker  coupling  between  the  Ni80Fe20/Co  and 
Co/Ni80Fe2o  layers  separated  by  the  Cu  layer. 

Analyzing  the  angular  dependence,  the  maximum  MR 
ratio  of  4.67%  was  observed  at  50°.  This  value  was  larger 
than  that  in  the  unpattemed  film  and  was  similar  to  that  in 
the  spin-valve  films  with  a  Ta  underlayer.15  In  addition,  the 
magnetic  response,  which  is  estimated  as  maximum  MR 
change  per  1  Oe,  became  worse  with  increasing  field  angle. 
Among  the  results  presented  in  Fig.  4,  the  MR  data  obtained 
in  the  easy  axis  (0°)  were  contrary  to  our  model  because  the 
effects  of  the  pinning  which  control  the  magnetization  states 
were  not  expected  to  be  influenced  by  the  shape  anisotropy, 
such  as  with  the  biquadratic  coupling.  To  provide  further 
insight  into  this  experimental  result,  magnetic  measurements 
on  samples  with  various  widths  and  spacings  are  presently 
being  made. 

IV.  SUMMARY 

Micron-size  multilayered  wire  arrays  comprised  of  vari¬ 
ous  GMR  materials  were  successfully  fabricated  by  high- 
resolution  electron-beam  lithography  and  lift-off  techniques. 
For  some  GMR  multilayers  with  biquadratic  coupling,  when 
the  magnetic  field  was  applied  parallel  to  the  stripes,  a  larger 
MR  and  magnetic  response  were  observed  in  comparison 
with  the  corresponding  multilayered  film  having  no  patterns. 
These  features  are  attributable  to  the  strong  shape  anisotropy 
and  provide  additional  opportunities  for  technological  appli¬ 
cations.  In  contrast,  the  wire  structures  worsened  the  MR 
characteristics  of  different-coercive-fields-type  and  spin- 
valve- type  GMR  multilayers. 
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Superconductivity  and  structural  transformation  in  HfV2  and  Nb-doped  HfV2 
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The  temperature  dependence  of  the  specific  heat  shows  that  the  strong  electron-phonon  coupling 
system  HfV2  undergoes  a  structural  transformation  at  116  K  and  becomes  superconducting  around 
9  K.  The  structural  instability  can  be  interpreted  in  terms  of  a  strong  electron-phonon  coupling  and 
Fermi  surface  nesting.  The  structural  transformation  shifts  to  lower  temperatures  with  very  dilute  Nb 
substitution  in  HfV2,  and  completely  disappears  with  only  5  at.  %  Nb.  The  low-temperature  specific 
heat  of  HfV2  shows  a  large  density  of  states  at  the  Fermi  level.  These  experimental  results  are 
consistent  with  predictions  from  band-structure  calculations.  ©  1996  American  Institute  of 
Physics .  [S002 1  -8979 (96)26 1 08-9] 


A 15  and  C15  compounds  have  attracted  much  interest 
because  of  a  variety  of  striking  phenomena.1-8  For  example, 
some  compounds,  e.g.,  Nb3Sn,  V3Si,  HfV2,  and  ZrV2,  un¬ 
dergo  a  structural  transformation1-4  at  a  low  temperature  and 
become  superconducting5,6  at  an  even  lower  temperature. 
These  compounds  show5,6  an  enhanced  electronic  specific 
heat  coefficient  y  which  implies  a  high  density  of  states  at 
the  Fermi  level.  The  ratio  of  A,  the  coefficient  of  the  T 2  term 
in  the  resistivity,  to  the  y  value  for  these  compounds  shows  a 
universal  behavior7  which  is  similar  to  that  of  the  Ce-  and 
U-based  heavy  fermion  systems.  Among  the  binary  C15 
Laves  phase  compounds,  HfV2  has  the  highest  superconduct¬ 
ing  transition  temperature  (Tsc^9  K)  and  undergoes  a  struc¬ 
tural  transformation  around  Tst=116  K.  In  addition,  it  has 
been  shown9-11  that  Tsc  does  not  vary  significantly  with  di¬ 
lute  substitution  of  Ta  or  Nb  for  Hf  in  HfV2  and  has  nearly 
the  same  value  for  the  equi-temary  compounds  Hf-V-T  with 
T=Zr,  Nb,  Ta,  and  Cr.  Some  controversial  issues  remain  un¬ 
resolved.  For  instance,  the  specific  heat  of  HfV2  and  ZrV2 
(Refs.  4  and  9)  shows  a  broad  X-type  second-order  transition, 
instead  of  the  more  common  first-order  structural  transfor¬ 
mation.  Moreover,  the  effects  of  substitution  on  the  structural 
transformation  have  not  been  studied  systematically.  To  ad¬ 
dress  these  issues,  we  have  prepared  samples  of  HfV2,  and 
Nb-doped  HfV2,  having  the  C15  Laves  phase  structure,  and 
have  measured  the  temperature  dependence  of  the  specific 
heat  of  these  compounds.  The  results  are  presented  and  dis¬ 
cussed  with  predictions  of  theoretical  band- structure 
calculations.12 

The  ternary  Hf-V-Nb  equilibrium  phase  diagram  has 
been  established  recently13  and  shows  that  the  C15  Laves 
phase  exists  in  a  broad  region  for  this  ternary  system.  The 
binary  HfV2  and  the  Nb-doped  ternary  with  0.5,  1.0,  2.0,  and 
5.0  at.  %  Nb  poly  crystalline  samples  having  the  C15  cubic 
structure  were  prepared  by  melting  stochiometric  ratios  of 
the  constituents  in  a  conventional  inert  atmosphere  arc  fur¬ 


a^Present  address:  Department  of  Materials  Science  and  Engineering,  Uni¬ 
versity  of  Southern  California. 


nace.  The  nominal  purities  of  the  elemental  Hf  and  V  were 
99.99  at.  %  and  that  of  Nb  was  99.7  at.  %.  The  samples  were 
annealed  under  high  vacuum  at  1200  °C  for  120  h.  Powder 
x-ray  diffraction  studies  were  used  to  check  the  homogeneity 
and  the  structure  of  the  samples.  No  evidence  for  a  second 
phase  was  found.  The  specific  heat  was  measured  using  a 
semiadabatic  heat  pulse  method  using  a  He4  probe  from  1.2 
to  20  K,  and  using  a  closed-cycle  refrigerator  system  from  15 
to  150  K. 

The  specific  heat  of  the  binary  HfV2  for  the  region  from 
110  to  125  K  is  shown  in  Fig.  1.  One  can  see  that  in  the 
vicinity  of  116  K  the  specific  heat  jumps  dramatically  from 
about  70  to  250  J/mole  K  and  that  the  full  width  at  half 
maximum  of  this  anomaly  is  very  narrow  (about  0.5  K).  This 
drastic  change  in  the  magnitude  and  the  narrow  width  of  the 
anomaly  may  indicate  that  the  transition  is  in  fact  first  order 


FIG.  1.  The  temperature  dependence  of  the  specific  heat  of  Hfy2.  Inset:  The 
C(T )  data  for  an  off-stochiometric  HfV2  sample. 
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FIG.  2.  The  C(T )  data  for  the  Nb-doped  HfV2  ternary  system  with  0.5,  1.0, 
2.0,  and  5.0  at.  %  Nb. 

and  that  a  latent  heat  measurement  should  be  done  rather 
than  a  specific  heat  measurement.  A  first-order  structural 
transformation  from  a  high-temperature  cubic  structure  to  a 
tetragonal  structure  below  116  K  has  been  reported.13,14  The 
value  of  116  K  is  consistent  with  that  previously  published 
by  Hafstrom  et  al9  and  Kimura.4  However,  in  both  these 
reports,  the  specific  heat  anomaly  starts  to  swing  up  at  about 
110  K  and  reaches  a  maximum  at  118  K.  In  both  cases,  the 
anomaly  has  a  much  broader  width  (about  3  K)  and  exhibits 
a  \-type  transition.  This  difference  could  be  due  to  the  lim¬ 
ited  number  of  data  points  taken  with  large  temperature 
changes  A  T  around  the  transition  temperature  and/or 
samples  that  were  off-stochiometry.  We  have  also  measured 
the  specific  heat  of  a  HfV2  sample  with  a  slight  off- 
stochiometry  Hf  to  V  ratio.  The  data  for  this  sample  are 
shown  in  the  inset  of  Fig.  1.  The  specific  heat  of  this  sample 
starts  to  increase  and  deviate  from  the  background  at  110  K 
and  shows  two  anomalies.  We  believe  that  the  second 
smaller  specific  heat  anomaly  at  114  K  can  be  attributed  to  a 
phase  separation  which  follows  the  structural  transformation 
at  116  K  as  the  sample  is  cooled  to  low  temperatures. 

In  order  to  study  the  alloying  effect  on  the  structural 
transformation,  we  have  measured  the  specific  heat  of  the 
Nb-doped  HfV2  ternary  system.  Shown  in  Fig.  2  are  the  spe¬ 
cific  heat  curves  for  0.5,  1.0,  2.0,  and  5.0  at.  %  Nb.  Note  that 
the  magnitude  of  the  specific  heat  anomaly  is  significantly 
reduced  from  180  J/mole  K  for  the  binary  HfV2  to  25 
J/mole  K  for  the  0.5  at.  %  Nb  sample  and  the  structural 
transformation  temperature  shifts  down  to  110  K.  On  careful 
examination  one  can  see  that  the  shape  of  the  anomaly  for 
the  0.5  at.  %  Nb  sample  begins  to  resemble  that  of  a  \-type 
transition.  The  reason  for  the  change  from  the  very  narrow 
transition  for  the  pure  HfV2  to  a  \-type  transition  for  the  case 
of  very  dilute  Nb  doping  could  be  the  one  alluded  to  just 
above.  For  the  5.0  at.  %  Nb  sample,  a  specific  heat  anomaly 
is  not  visible  for  temperatures  down  to  15  K,  implying  no 
structural  phase  transformation  for  this  sample.  The  effect  of 
substitution  on  the  structural  transformation  described  above 
is  stronger  than  that  observed  previously  in  similar  systems, 
e.g.,  rst  is  about  78  K  for  7%  Ta  doping  in  Hf1„JCTaxV2 


FIG.  3.  C/T  vs  T 2  for  HfV2  at  low  temperatures.  The  dash  line  is  the 
CIT  =  y+  /3T2  fit  to  the  experimental  data  from  T2= 90  to  120  K2.  The  solid 
curve  is  the  C/T~  y+  (3T2+  aT*+  ST6  fit  to  the  experimental  data  from 
T2= 90  to  250  K2. 


(Ref.  9)  and  a  structural  transformation  occurs  across  the 
entire  series  for  the  case  of  Hfl_xZrxV2-15  This  point  is  dis¬ 
cussed  in  more  detail  later. 

We  have  also  made  measurements  of  the  specific  heat  at 
lower  temperatures  in  the  region  of  the  superconducting  tran¬ 
sition.  Shown  in  Fig.  3  is  a  plot  of  CIT  vs  T 2  for  the  binary 
HfV2.  Note  that  the  HfV2  sample  undergoes  a  superconduct¬ 
ing  transition  at  Tsc=9  K  which  is  determined  at  the  mid¬ 
point  of  the  specific  heat  anomaly.  The  CIT  data  above  Tsc 
exhibit  a  slight  downward  curvature  (instead  of  being  a 
straight  line),  so  that  it  is  difficult  to  extract  the  electronic 
specific  heat  coefficient  y.  We  can  estimate  the  y  value  for 
the  binary  HfV2  using  two  different  approaches.  First  we  can 
use  CIT  —  [3T2  to  fit  the  experimental  data  for  a  narrow 

temperature  range  from  T= 9.5  to  11  K,  i.e.,  T2=90  to  120 
K2.  This  method  gives  y=60  mJ/mole  K2.  Or  we  can  use 
CIT  =  y+  (3T2  +  aT4  +  ST6  which  results  from  a  consider¬ 
ation  of  the  entropy  balance  between  the  normal  and  super¬ 
conducting  states  for  the  wider  temperature  range  from  9.5  to 
16  K,  i.e.,  T2= 90-250  K2.  This  method  gives  y=50 
mJ/mole  K2.  These  Tsc  and  y  values  are  in  good  agreement 
with  those  previously  published.5,6  Note  that  either  estimate 
for  y  is  larger  than  that  for  a  typical  weak  electron-phonon 
coupling  superconductor  or  for  normal  metals.  This  larger 
value  indicates  a  large  density  of  states  at  the  Fermi  surface 
in  the  case  of  HfV2. 

Shown  in  Fig.  4  is  a  plot  of  CIT  vs  T2  for  5.0%  Nb- 
doped  HfV2.  Note  that  this  sample  does  not  transform  from 
the  cubic  to  the  tetragonal  phase  at  low  temperatures.  The  Tc 
value  increases  slightly  to  9.6  K.  The  y  values  are  also  50% 
higher  than  those  for  pure  HfV2,  i.e.,  90  and  75  mJ/mole  K2 
obtained  from  using  C/T=  y+  f3T2  and 
CIT  —  y+  J3T2+  aT4  +  ST6,  respectively.  The  estimated  val¬ 
ues  of  A ClyTsc  are  1. 8-2.0  for  both  pure  HfV2  and  5.0% 
Nb  doping  in  HfV 2 .  These  values  are  larger  than  the  value  of 
1.43  given  by  the  BCS  theory.  The  larger  y  and  A  ClyTsc 
values  have  been  explained  in  terms  of  strong  electron- 
phonon  coupling  effects.5,6 
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FIG.  4.  CIT  vs  T 2  for  the  5.0%  Nb-doped  HfV2  sample.  The  dash  line  is  the 
CIT=  y+  (ST2  fit  to  the  experimental  data  from  T2=90  to  120  K2.  The  solid 
curve  is  the  C/T=  y+  (3T2  +  aTA+  ST6  fit  to  the  experimental  data  from 
r2= 90  to  250  K2. 


The  band-structure  calculations  for  the  C15  HfV2  have 
been  carried  out12  recently  using  the  linear-muffin-tin-orbital 
(LMTO)  method.16  The  results  show  a  narrow  peak  close  to 
the  Fermi  energy,  indicating  a  large  density  of  states  N(Ef). 
This  behavior  is  similar  to  that  calculated  for  the  Ce-  and 
U-based  /-electron  systems.17  The  measured  y  value  of  50 
mJ/mole  K2  for  HfV2  is  in  qualitative  agreement  with  these 
calculations.  Note  that  the  value  of  y  was  measured  in  the 
tetragonal  phase  (at  low  temperatures)  for  HfV2  and  the  cu¬ 
bic  phase  for  5.0%  Nb-doped  HfV2,  whereas  the  N(Ey) 
value  was  calculated  for  the  C 15  cubic  phase. 

It  has  been  shown  previously  that  a  narrow  peak  at  Efi 
and  a  large  N(Ef),  can  lead  to  a  very  strong  electron-phonon 
coupling,18-20  which  serves  as  a  necessary  (but  not  suffi¬ 
cient)  condition  for  structural  instabilities  at  low 
temperatures.9’19’21,22  The  band- structure  calculations12  for 
HfV2  also  show  that  there  are  large  areas  of  the  Fermi  sur¬ 
face  which  are  parallel  or  nearly  parallel,  leading  to  a  so- 
called  Fermi  surface  nesting,  with  a  nesting  vector  q  parallel 
to  (001).  This  Fermi  surface  nesting  behavior  together  with 
the  strong  electron-phonon  coupling  effects  give  rise  to  the 
phonon  mode  o)( q)  softening,  and  therefore  to  a  lattice 
distortion.23  In  addition,  a  nesting  vector  q  along  (001)  is 
expected  to  give  rise  to  a  change  in  structure  from  cubic  to 
tetragonal.  The  transmission  electron  microscopy  measure¬ 
ments  at  low  temperatures14  are  in  agreement  with  these  ar¬ 
guments. 

The  electrons  coming  from  Nb  substitution  presumably 
fill  unoccupied  d-d  hybrid  states12  and  change  the  Fermi 
energy  Ef.  The  change  in  Ej  could  alter  the  Fermi  surface 
nesting  and  hence  make  it  difficult  to  soften  the  phonon 
mode  o)(q).  Our  specific  heat  data  for  the  Nb-doped  HfY2 
agree  with  this  argument,  i.e.,  Tst  shifts  to  lower  tempera¬ 
tures  and  the  size  of  the  anomaly  (corresponding  to  the  de¬ 
gree  of  lattice  distortion)  becomes  much  smaller  for  very  low 
Nb  doping  in  HfV2.  For  higher  Nb  substitution,  the  Fermi 
surface  nesting  no  longer  occurs,  and  therefore  no  structural 
transformation  takes  place. 


As  noted  earlier  Nb  doping  produces  larger  depressions 
of  Tst  than  does  Zr  or  Ta  doping.  The  rate  at  which  Zr,  Ta, 
and  Nb  depress  Tst  are  1.0,  5.4,  and  12  K/at.  %,  respectively. 
Zr  is  directly  above  Hf  in  the  periodic  table  and  has  the  same 
number  of  4 d  electrons  as  Hf  has  5d  electrons.  Moreover,  it 
has  a  metallic  radius  of  1.585  A  which  is  very  close  to  Hf’s 
value  of  1.575  A.  Hence  it  is  not  surprising  that  Zr  depresses 
Tst  the  least  of  the  three  dopants  since  one  expects  it  to  have 
the  least  effect  on  the  band  structure  in  particular  on  the 
Fermi  surface  nesting  responsible  for  the  mode  softening. 
Both  Ta  and  Nb  are  one  column  to  the  right  of  Hf.  But  Ta  is 
a  5  d  metal  while  Nb  is  Ad.  Moreover,  Ta  has  a  metallic 
radius  of  1.462  A  which  is  closer  to  Hfs  value  of  1.575  A 
than  is  Nb’s  1.429  A.  Hence  it  is  not  surprising  that  Ta  has  a 
less  severe  effect  on  Tst  than  does  Nb.  Thus  a  qualitative 
explanation  of  the  differing  effects  of  Zr,  Ta,  and  Nb  on  Tst 
can  be  given. 

Also  mentioned  earlier  was  the  fact  that  both  Ta  and  Nb 
have  surprising  small  effects  on  Tsc .  Here  we  report  that  the 
5.0  at.  %  Nb  sample  shows  a  50%  increase  in  y,  while 
A  CfyTsc  remains  essentially  constant  but  Tsc  increases  by 
only  6%  or  7%.  This  result  is  not  consistent  with  the  BCS 
expression  for  Tsc  and  suggests  that  further  studies  may  be  of 
interest. 
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Crystallographic  analysis  shows  that  UCuSn  does  not  form  in  the  hexagonal  Caln2  structure  as 
reported  previously,  but  is  an  ordered  ternary  compound  and  forms  in  an  orthorhombic  structure 
(space  group:  P21cn).  Bulk  and  neutron-diffraction  measurements  reveal  that  UCuSn  orders 
antiferromagnetically  below  62  K.  At  4.2  K,  high-field  magnetization  reveals  a  complex 
magnetization  process  with  two  metamagnetic  transitions.  Furthermore,  bulk  investigations  show  an 
additional  anomaly  at  25  K,  but  a  smooth  temperature  dependence  of  various  magnetic  peaks  down 
to  the  lowest  temperature  gives  no  evidence  for  a  second  magnetic  transition.  Possible  scenarios 
responsible  for  the  drastic  changes  in  the  electronic  properties  around  25  K  are  discussed.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)26208-5] 


I.  INTRODUCTION 

The  role  of  5/-ligand  hybridization  in  suppressing  local- 
moment  magnetism  has  been  studied  extensively  in  the  two 
largest  isostructural  groups  of  UTX  compounds  (T 
transition  metal,  X=p -electron  metal),  namely,  in  com¬ 
pounds  crystallizing  in  the  hexagonal  ZrNiAl  and  the  ortho¬ 
rhombic  TiNiSi  structures.1  The  aim  to  search  even  higher 
degrees  of  5/-electron  localization  brings  us  to  compounds 
reported  to  crystallize  in  the  hexagonal  Caln2  structure, 
which  is  formed  for  the  very  late  d-metals  Cu,  Au,  and  Pd.2 

In  this  contribution,  we  concentrate  on  UCuSn,  which 
was  thought  to  crystallize  in  this  structure.2-5  For  this  com¬ 
pound,  antiferromagnetic  ordering  at  low  temperatures  has 
been  reported  on  the  basis  of  electrical-resistivity,4*5 
magnetic-susceptibility,4  and  119Sn  Mossbauer  studies.6  In 
addition,  magnetization  measurements  revealed  two  meta¬ 
magnetic  transitions  at  about  12  and  17  T  in  the  ascending 
field  sweep,  while  in  the  descending  magnetization  curve 
only  one  transition  around  12  T  was  found.4  There  is  also  a 
very  unusual  temperature  dependence  of  the  electrical  resis¬ 
tivity:  below  60  K,  p(  T)  increases  suddenly  forming  a  maxi¬ 
mum  around  25  K,  where  it  drops  precipitously.4,5 

In  order  to  get  more  insight  in  the  electronic  properties 
of  UCuSn,  we  have  checked  and  extended  the  study  of  some 
basic  bulk  properties.  Here,  we  briefly  describe  also  the  re¬ 
sults  of  additional  neutron-diffraction  experiments,  the  de¬ 
tails  of  which  will  be  published  elsewhere. 

II.  SAMPLE  PREPARATION  AND  CHARACTERIZATION 

A  polycrystalline  sample  of  UCuSn  was  prepared  by  arc¬ 
melting  stoichiometric  amounts  of  the  constituents,  with  no 
further  heat  treatment.  The  sample  was  powdered  for  the 
neutron  diffraction  experiments,  which  were  performed  on 
the  High-Intensity  Powder  Diffractometer  at  LANSCE  and 
on  the  C2  powder  diffractometer  at  Chalk  River.  We  ob¬ 
served  a  number  of  nuclear  reflections  which  could  not  be 


indexed  in  the  hexagonal  system  (e.g.,  Caln2  structure  type), 
but  we  were  able  to  index  and  refine  the  whole  pattern  in  the 
related  orthorhombic  space  group  P2jcn.  The  resultant  struc¬ 
ture  and  parameters  are  given  in  Fig.  1  and  Table  I. 

III.  BULK  PROPERTIES 

We  also  measured  the  temperature  dependences  of  the 
electrical  resistivity,  of  the  specific  heat,  and  of  the  magne¬ 
tization  (at  2  and  4  T)  and  the  results  are  displayed  in  Fig.  2. 

The  absolute  resistivity  values  are  intermediate  between 
the  values  published  in  Refs.  4  and  5  and  the  overall  shape  of 
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FIG.  1.  Crystallographic  structure  of  UCuSn  (a)  schematically  drawn  in  a 
doubled  cell  showing  the  relation  to  the  “parent  hexagonal”  cell.  For  sake  of 
clarity,  the  z  position  was  shifted  by  0.25  with  respect  to  the  values  given  in 
Table  I.  In  (b),  a  projection  onto  the  a-b  plane  is  shown,  where  the  dashed 
lines  represent  the  lower  z  position  with  respect  to  the  solid  lines.  The 
hexagonal  cell  is  indicated  by  dashed  lines. 


5 

OS 

o, 

pi  e 

0 

6408  J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)76408/3/$  1 0.00 


©  1 996  American  Institute  of  Physics 


TABLE  I.  Refined  structural  parameters  for  UCuSn  at  300  K. 


Space  group:  P21cn 
x 

U  (4 a)  0.25(a) 

Cu  (4a)  0.2597(19) 

Sn  (4a)  0.2586(20) 


y 

0.2788(1) 

0.9168(2) 

0.5835(4) 


z 

0.4982(2) 

0.6958(1) 

0.7762(1) 


(a)  fixed  to  define  the  origin 
Lattice  parameters 
a  (A) =4.539 1(2) 
b  (A)=7.8397(2) 
c  (A)=7.2203(2) 

R  factors 
Rwp= 4.29% 

Rp= 3.09% 
reduced  ^=3.88 


all  three  results  is  in  good  agreement.  In  our  sample,  antifer¬ 
romagnetism  sets  in  around  62  K,  which  is  reflected  by  a 
sudden  increase  of  the  electrical  resistivity.  Upon  further  de¬ 
crease  of  the  temperature,  the  electrical  resistivity  passes  a 
pronounced  maximum  around  25  K.  At  both  temperatures 
(62  and  25  K),  we  observe  anomalies  in  the  specific  heat  and 
the  magnetization.  While  clear  maxima  evolve  in  C  and 
MIH  around  62  K,  the  low-temperature  anomaly  is  far  less 
pronounced.  Around  25-30  K,  only  slight  changes  in  the 
derivatives  are  observed.  In  addition,  we  find  that  a  small, 
but  significant  ferromagnetic  component  (~0.02/xB/U  atom) 
evolves  below  30  K.  At  present,  we  are  not  sure  whether  this 
is  intrinsic  or  due  to  a  small  amount  of  a  ferromagnetic  im¬ 
purity  phase. 

High-field-magnetization  studies  were  performed  at  the 
High-Field  Facility  in  Amsterdam  on  powder,  both  free  to  be 


T(K) 

FIG.  2.  Temperature  dependences  for  UCuSn  of  (a)  the  electrical  resistivity, 
(b)  the  specific  heat,  and  (c)  the  magnetization  (as  MIH  for  H=2  and  4). 


FIG.  3.  Field  dependence  of  the  magnetization  of  UCuSn  at  4.2  K  measured 
on  ‘free  powder’  and  ‘fixed  powder’  represented  as  solid  and  dotted  lines, 
respectively. 


oriented  by  the  applied  field  (giving  the  response  of  the  easy 
magnetization  direction),  and  in  random  orientation  fixed  by 
frozen  alcohol  (thereby  representing  an  “ideal”  polycrystal). 
The  former  (“free  powder”)  result  reveals  a  magnetic  mo¬ 
ment  of  \.S2/jlb  in  35  T,  which  is  in  excellent  agreement  with 
the  results  of  Fujii  et  al4  The  antiferromagnetic  ground  state 
is  corroborated  by  metamagnetic  transitions.  In  contrast  to 
the  results  in  Ref.  4,  we  find  metamagnetic  transitions  around 
12  and  30  T  in  the  ascending  curve  and  around  11  and  15  T 
in  the  descending  curve.  We  believe  that  this  difference  could 
originate  in  small  differences  in  the  compositions  of  the 
samples,  which  could  also  account  for  the  slight  difference  in 
Tn.  Two  transitions  (around  13  and  25  T)  are  found  also  in 
the  second  (fixed  powder)  measurement,  but  no  hysteresis 
was  observed.  The  fact,  that  both  magnetizations  are  almost 
equal  in  the  highest  field  applied,  may  indicate  an  anisotropy 
field  only  slightly  higher  than  30  T,  which  is  exceptionally 
low  among  U  intermetallics.7 


IV.  NEUTRON-DIFFRACTION  RESULTS 

The  bulk  results  above  indicate  two  magnetic  transitions 
in  UCuSn  at  about  62  and  25  K.  At  low  temperatures,  the 
antiferromagnetic  ground  state  was  confirmed  by  the  occur¬ 
rence  of  additional  purely  magnetic  reflections  below  62  K  in 
the  neutron  data  taken  at  Los  Alamos.  However,  magnetic 
intensities  were  found  also  on  some  nuclear  reflections,  and 
our  results  indicate  that  all  magnetic  contributions  can  be 
indexed  in  the  same  orthorhombic  unit  cell. 

In  order  to  clarify  the  (sometimes  pronounced)  anoma¬ 
lies  in  the  bulk  properties  around  25  K,  we  performed  addi¬ 
tional  neutron-diffraction  experiments  on  the  C2  powder  dif¬ 
fractometer  at  Chalk  River  Laboratories.  Data  were  collected 
at  various  temperatures,  and  the  temperature  dependences  of 
the  peak  intensities  of  some  “magnetic”  peaks  are  shown  in 
Fig.  4.  In  all  cases,  we  observe  a  smooth  temperature  depen¬ 
dence  with  no  evidence  for  a  second  magnetic  phase  transi¬ 
tion  around  25  K  and  no  extra  magnetic  peaks  were  observed 
below  this  temperature. 
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FIG.  4.  Temperature  dependence  of  the  magnetic  intensities  of  various 
Bragg  reflections.  In  some  cases,  the  intensities  have  been  corrected  for 
nuclear  contributions.  The  lines  are  guides  to  the  eye. 

V.  DISCUSSION 

While  the  investigations  of  bulk  properties  seem  to  indi¬ 
cate  a  second  magnetic  transition  around  25  K,  any  moment 
reorientation  seems  to  be  excluded  by  the  neutron-diffraction 
results.  Clearly,  this  confusing  situation  cannot  be  resolved 
on  the  basis  of  the  present  data,  but  we  may  speculate  on 
scenarios  which  may  account  for  all  observations.  A  possible 
explanation  may  involve  temperature-induced  changes  of  the 
antiferromagnetic  gap  which  ultimately  could  lead  to  signifi¬ 
cant  changes  in  the  Fermi  surface  and  therefore  strongly  af¬ 
fects  the  bulk  properties  (without  a  magnetic  phase  transi¬ 
tion).  Such  a  picture  has  been  suggested  by  Fujii  et  alA 

On  the  other  hand,  an  alternative  explanation  arises  from 
the  comparison  with  UPdSn,  which  forms  in  an  ordered  ver¬ 
sion  of  the  Caln2  structure.  UPdSn  exhibits  two  magnetic 
transitions  which  are  due  to  ordering  of  the  y  and  z  compo¬ 
nents  of  the  magnetic  moment  at  the  upper  transition  tem¬ 
perature,  while  the  x  component  fluctuates  until  it  also  sta¬ 
bilizes  at  the  lower  transition  temperature.8  For  this 
compound,  single-crystal  studies  show  clear  anomalies  in  the 
temperature  dependence  of  the  intensity  for  most  magnetic 


peaks,  while  this  transition  is  “smeared  out”  in  powder  dif¬ 
fraction.  As  a  consequence  only  a  broad  and  featureless  tem¬ 
perature  dependence  was  found.9  It  may  be  that  UCuSn  be¬ 
haves  in  a  similar  fashion,  and  one  moment  component  stays 
fluctuating  below  7n  =62  K,  but  that  its  fluctuations  gradu¬ 
ally  slow  down  until  25  K.  In  such  picture,  one  may  antici¬ 
pate  an  enhancement  in  the  resistivity  due  to  fluctuations 
until  they  die  out,  with  little  or  no  change  in  the  magnetic 
moment. 

Further  high-field  magnetization  studies  at  elevated  tem¬ 
perature  are  envisaged  to  give  more  insight  to  the  25  K  tran¬ 
sition. 
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We  report  on  the  crystallographic  and  magnetic  structures  of  the  antiferromagnet  UCuj  5Sn2,  as 
determined  by  x-ray  and  neutron  powder  diffraction.  It  crystallizes  in  the  tetragonal  CaBe2Ge2 
structure  type,  with  space  group  P/4nmm,  and  we  find  no  site  disorder  between  two  different  Sn  2c 
sites,  in  contrast  with  a  previous  report.  UCuL5Sn2  orders  antiferromagnetically  with  a  Neel 
temperature  of  about  110  K.  This  is  unusually  high  among  uranium  intermetallics.  The  uranium 
moments  align  along  the  c  axis  in  a  collinear  arrangement  but  alternating  along  the  c  axis.  The 
low-temperature  uranium  moment  is  2.01  juB.  ©  1996  American  Institute  of  Physics. 
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I.  INTRODUCTION 

In  the  last  decade  many  studies  have  been  performed  on 
the  large  family  of  tetragonal  Ce-  and  U-based  ternary  inter- 
metallic  compounds  with  stoichiomety  CeT2X2  or  UT2X2  (T 
= transition  metal,  X=group  IV  element),  with  a  view  to 
understanding  their  magnetic  and/or  heavy-fermion 
properties.1  Those  compounds  with  X=Si  or  Ge  have  been 
studied  most  extensively,  and  they  include  the  celebrated 
heavy-fermion  superconductors  CeCu2Si2  and  URu2Si2. 
Most  such  compounds  form  in  the  body-centered  tetragonal 
ThCr2Si2  structure  (space  group  I4/mmm),  though  a  signifi¬ 
cant  minority  form  in  the  closely  related  primitive  tetragonal 
CaBe2Ge2  structure  (space  group  P4/nmm).  In  some  cases, 
like  UCo2Ge2,  both  forms  can  be  produced  depending  on  the 
heat  treatment  and  stoichiometry  of  the  sample.2  The  differ¬ 
ence  between  the  two  structures  is  in  the  stacking  sequence 
of  the  T  and  X  layers  between  the  layers  of  Ce  or  U  atoms,  as 
one  progresses  along  the  tetragonal  axis. 

We  have  recently  started  to  work  on  UT2Sn2  compounds, 
and  in  this  article  we  report  on  the  crystallographic  and  mag¬ 
netic  properties  of  the  antiferromagnet  UCu2Sn2,  as  studied 
by  x-ray  and  neutron  diffraction.  UCu2Sn2  is  remarkable 
among  uranium  intermetallics  for  having  a  Neel  temperature 
of  110  K,3  while  it  is  more  typical  for  uranium  compounds 
(without  Co  or  Fe)  to  order  magnetically  at  50  K  or  below,  if 
at  all.  UCu2Sn2  with  a  slight  copper  deficiency  had  previ¬ 
ously  been  studied  by  means  of  x-ray  diffraction  by  Pottgen 
et  alA  and  these  authors  found  the  CaBe2Ge2  structure  type, 
but  with  two  interesting  features.  First,  in  the  stoichiometry 
UCu13Sn2,  they  found  the  copper  deficiency  to  be  entirely 
located  on  the  2c-type  sites,  as  shown  in  Fig.  1(a).  Second, 
regarding  the  tin  atoms  on  the  2  c -type  sites  in  the  other  half 
of  the  unit  cell,  they  found  it  necessary  to  use  two  such  sites 
with  significantly  different  z  parameters.  Again,  this  is 
shown  schematically  in  Fig.  1(a).  We  have  repeated  their 
study  on  a  sample  with  slightly  less  copper  deficiency  using 
both  x-ray  and  neutron  diffraction.  While  we  find  the  same 
sort  of  copper  deficiency  on  the  copper  2  c  sites,  we  find  no 
evidence  for  a  bimodal  distribution  of  Sn  atoms  over  two 


different  sites  with  different  z  parameters.  In  addition,  we 
have  used  our  neutron  diffraction  data  to  determine  the  mag¬ 
netic  structure,  the  magnitude  of  the  uranium  moment  and  to 
estimate  the  Neel  temperature. 

II.  EXPERIMENTAL  METHOD 

The  polycrystalline  sample  was  prepared  by  arc-melting 
stoichiometric  (1:2:2)  amounts  of  the  constituent  elements  of 
at  least  99.99%  purity.  The  phase  purity  was  checked  by 
powder  x-ray  diffraction  using  Cu  Ka  radiation  (X=1.54  A), 
and  the  x-ray  data  were  analyzed  using  the  Rietveld  refine¬ 
ment  program  GSAS.5  A  very  small  amount  of  impurity  scat¬ 
tering  was  observed.  For  the  neutron  experiment,  the 
UCu2Sn2  powder  was  sealed  in  a  vanadium  tube  under  a 
helium  atmosphere,  and  this  was  in  turn  mounted  in  a  helium 
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FIG.  1.  Schematic  diagrams  of  the  structure  of  UCu,  5Sn2,  as  reported  (a)  by 
Pottgen  et  al  (see  Ref.  4),  and  (b),  (c)  in  this  work.  In  all  cases  the  tetrag¬ 
onal  c  axis  is  shown  as  vertical.  The  atomic  occupancies  are  shown  in  the 
projection  onto  the  a-c  plane  in  (c),  with  the  partially  filled  Cu  2c  sites 
shown  by  the  open  circles,  while  the  fully  occupied  Cu  2 a  sites  are  repre¬ 
sented  by  filled  circles.  The  closest  U-U  distance  dy. u  is  also  shown  in  (c), 
while  the  collinear  c-axis  antiferromagnetic  structure  reported  in  the  text  is 
shown  in  both  (b)  and  (c).  The  bimodal  distribution  of  Sn  atoms  over  two 
different  z -parameter  2c  sites  reported  by  Pottgen  et  al.,  but  not  seen  in  our 
work,  is  shown  by  the  dumbells  in  (a).  The  origin  in  this  figure  corresponds 
to  (0.25,0.25,0.25)  in  the  coordinates  given  in  Table  I. 
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TABLE  I.  Refined  structural  parameters  for  UCuj  5Sn2  at  room  temperature  (x  ray)  and  at  120  K  (neutron). 


Space  group  P4/nmm 


U(2  c) 

0.25 

0.25 

z 

z=0.2400±0.0006 

%  occupancy 

100  (neutron) 

Cu(2c) 

0.25 

0.25 

z 

z=  0.2435  ±0.0004 
z=0.6137±0.0012 

100 

45.1  ±  1.9 

(x  ray) 
(neutron) 

Cu(2a) 

0.75 

0.25 

0 

Z=0.6004±0.0021 

58.1  ±2.7 
107.6±2.1 

(x  ray) 
(neutron) 

Sn(2 b) 

0.75 

0.25 

0.5 

104.3±3.4 

103.7±2.4 

(x  ray) 
(neutron) 

Sn(2 c) 

0.25 

0.25 

z 

z=0.8415±0.0006 

100,0  ±1.7 
95.6±2.8 

(x  ray) 
(neutron) 

Lattice  constants  (A) 

z= 0.8472  ±0.0006 

tf=4.3858±0.0003 
a  =4. 3920  ±0.0002 
c=9.6412±0.0007 
c=9.6480±0.0004 

101 .5  ±1.3 

(x  ray) 
(neutron) 
(x  ray) 
(neutron) 
(x  ray) 

R  factors  (%)  Rwp~  11.06  (neutron) 

Rwp= 14.52  (x  ray) 

Rp= 8,50  (neutron) 

Rp=  11.12  (x  ray) 

Reduced  ^=7.821  (neutron) 

Reduced  ^-2.163  (x  ray) 


cryostat.  The  cryostat  was  mounted  on  the  C2  powder  dif¬ 
fractometer,  at  the  Chalk  River  Laboratory,  in  such  a  way 
that  it  could  be  rotated  continuously  to  give  a  better  powder 
average  over  the  grains  in  the  sample.  A  rotating  collimator 


10  15  20  25  30 

20  (degrees) 


FIG.  2.  Low-angle  neutron  diffraction  patterns  taken  at  (a)  120  K,  (b)  6  K, 
and  (c)  the  difference  between  6  and  120  K.  Note  that  three  magnetic  peaks 
(010),  (012),  and  (111)  are  observed,  but  that  there  is  no  magnetic  contribu¬ 
tion  to  the  (001),  (002),  or  (110)  nuclear  reflections. 


was  also  used,  between  sample  and  the  large  area  detector,  to 
eliminate  background  peaks  from  the  cryostat  tails.  We  used 
a  Si(531)  monochromator  with  a  wavelength  of  1.51  A,  and 
data  were  recorded  between  5°  and  85°  (for  the  magnetic 
scattering)  and  between  41°  and  121°  (for  the  structural 
analysis).  Data  were  taken  at  a  variety  of  temperatures  be¬ 
tween  6  and  120  K,  and  they  were  analyzed  both  by  Rietveld 
refinement  using  GSAS,5  as  well  as  by  peak-by-peak  extrac¬ 
tion  of  integrated  intensities  for  the  magnetic  structure. 

III.  RESULTS 

The  results  of  the  Rietveld  refinements  using  our  x-ray 
and  neutron  data  are  listed  in  Table  I.  We  obtain  a  good 
refinement  using  the  CaBe2Ge2  structure.  Second,  we  find  a 
copper  deficiency  on  the  Cu  2c  site,  as  found  before  by  Pot- 
tgen  et  al .,4  and  we  deduce  a  stoichiometry  close  to 
UCuj  5Sn2,  i.e.,  slightly  less  copper  deficient  than  Pottgen’s 


FIG.  3.  Variation  of  the  reduced  intensity  of  the  (010),  (012),  and  (111) 
magnetic  reflections.  The  solid  line  shows  a  fitted  Brillouin  function,  with 
7^=107  K. 
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TABLE  II.  Observed  and  calculated  intensities  for  magnetic  reflections  in 
UCu15Sn2. 


Reflection 

Observed  intensity  at  6  Ka 

Calculated  intensity 

010 

10.87±0.26 

10.94 

012 

10.51±0.58 

10.55 

111 

16.96±0.56 

16.69 

Reduced  ^=0.4 

%u  sin  dhk{  sin{2  6hki). 


sample.  However,  in  contrast  with  their  results,  we  find  no 
need  to  invoke  two  different  Sn  2  c  sites.  Not  only  does  Pot- 
tgen’s  model  give  a  worse  /  than  the  model  with  a  single  z 
value  for  the  Sn2c  site,  but  if  the  occupancies  on  the  two 
sites  are  allowed  to  vary  in  the  refinement,  it  converges  to 
100%  on  the  one  site  and  0%  on  the  other.  We  therefore 
believe  that  our  sample  has  the  structure  listed  in  Table  I  and 
shown  in  Fig.  1(b). 

Regarding  the  magnetic  structure,  some  of  our  low- angle 
neutron  diffraction  data  are  shown  in  Fig.  2.  Three  extra 
peaks,  indexed  as  (010),  (012),  and  (111),  are  seen  at  low 
temperature.  We  presume  that  these  are  magnetic  and  also 
note  that  no  extra  intensity  is  seen  at  the  (001),  (002),  or 
(110)  positions,  which  would  also  fall  in  this  angular  range. 
The  fact  that  the  observed  reflections  have  no  fractional  in¬ 
dices  implies  that  the  magnetic  cell  is  probably  the  same  as 
the  crystallographic  cell,  and  that  there  are  only  two  uranium 
atoms  per  magnetic  cell.  If  we  ignore  the  Cu  and  Sn  ions,  the 
two  uranium  atoms  lie  on  a  body-centered  tetragonal  lattice, 
and  the  fact  that  the  magnetic  reflections  obey  the  h  +  k  +  l 
=  2n  +  l  selection  rule  implies  that  the  two  uranium  mo¬ 
ments  are  antiparallel  to  each  other.  In  addition,  the  fact  that 
no  (001)  reflection  is  seen  implies  that  the  moments  must  be 
parallel  to  the  c  axis,  giving  the  simple  collinear  antiferro¬ 
magnetic  structure  shown  in  Fig.  1(b)  and  (c).  As  it  happens, 
a  Shubnikov-group  analysis  of  the  2  c  sites  (point  group  4 
mm)  shows  that  this  is  one  of  two  allowed  magnetic  exten¬ 
sions  to  P4/nmm:  the  other  would  be  a  simple  c-axis  ferro- 
magnet,  which  would  only  contribute  extra  magnetic  inten¬ 
sity  to  the  existing  nuclear  reflections.  Fitting  this  model  to 
our  data  yields  a  low-temperature  uranium  moment  of 
2.01  ±0.05 fiB .  A  comparison  of  the  observed  and  calculated 
magnetic  intensities  is  given  in  Table  II. 

Finally,  the  intensities  of  all  three  magnetic  reflections 
are  shown  in  reduced  units,  as  a  function  of  temperature,  in 
Fig.  3  along  with  a  fitted  Brillouin  function.  This  yields  a 
transition  temperature  of  7^=107  K,  which  is  in  good  agree¬ 
ment  with  the  value  of  110  K  extracted  from  susceptibility 
data.3 

IV.  DISCUSSION 

A  large  number  of  uranium-based  intermetallic  antiferro- 
magnets  have  now  been  studied  in  a  variety  of  cubic,  hex¬ 


agonal,  and  orthorhombic  structures.6  Almost  invariably, 
these  materials  show  strong  magnetic  anisotropies,  with  the 
moments  aligned  perpendicular  to  planes  or  chains  defined 
by  nearest-neighbor  uranium-uranium  links.  The  physical 
rationale  for  this  is  that  the  /  electrons  are  hybridized  more 
strongly,  with  ligand  p  and  d  electrons,  in  these  directions  or 
planes.  They  can  better  support  “localized”  moments  in  the 
directions  of  weaker  hybridization,  which  are  necessarily 
perpendicular.  A  second  observation  is  that  the  coupling 
within  the  strongly  hybridized  planes  or  chains  is  usually 
ferromagnetic.  This  picture  has  also  recently  been  shown  to 
apply  in  several  tetragonal  U2T2X  (X=In,  Sn)  compounds.7 
It  is  instructive  to  apply  this  idea  in  the  present  case:  in 
UCu!  5Sn2,  the  nearest-neighbor  U-U  distance,  in  Fig. 
1(c),  lies  in  the  tetragonal  basal  plane  along  the  a  and  b 
directions,  with  a  length  a  =4.39  A.  This  is  significantly 
greater  than  the  Hill  limit  of  3.5  A,  beyond  which  localized 
uranium  moments  might  be  expected.  It  also  implies  that 
these  ordered  moments  should  align  perpendicular  to  the  te¬ 
tragonal  basal  plane,  i.e.,  along  the  c  axis.  This  is  exactly 
what  we  observe.  In  addition,  the  moments  are  also  ferro- 
magnetically  coupled  within  the  tetragonal  sheets,  in  agree¬ 
ment  with  the  phenomenology  in  other  uranium  intermetal- 
lics. 

In  summary,  we  have  shown  definitively  that  UCuj  5Sn2 
orders  into  a  simple  collinear  c-axis  antiferromagnetic  struc¬ 
ture  below  110  K,  with  a  low- temperature  uranium  moment 
of  2.01^  .  This  is  quite  large,  indicating  fairly  localized  mo¬ 
ments,  though  still  well  short  of  the  full  Hund’s  rule  moment 
which  would  be  in  excess  of  3 julb  .  We  also  find  the  copper 
deficiency  on  the  2  c -type  sites  in  agreement  with  Pottgen 
et  al ,  but  find  no  evidence  for  a  bimodal  distribution  of  Sn 
atoms  on  different  2c -type  sites  with  different  z  parameters. 
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We  consider  arbitrary  clusters  of  Kondo  holes  in  a  Kondo  insulator  described  by  the  nondegenerate 
symmetric  Anderson  lattice  with  a  nearest-neighbor  tight-binding  conduction  band  on  a  simple 
cubic  lattice.  The  /-electron  self  energy  is  considered  within  the  local  approximation.  Each  Kondo 
hole  introduces  a  boundstate  in  the  gap.  The  quantum  interference  in  the  scattering  off  the  impurities 
gives  rise  to  interactions  among  the  Kondo  holes.  The  spectral  weight  of  the  bound  states  is 
predominantly  localized  on  the  sites  neighboring  the  Kondo  holes.  Clusters  of  impurities  separated 
by  more  than  one  lattice  site  are  disconnected  for  boundstates  at  the  Fermi  level.  On  a  simple  cubic 
lattice  the  metal-insulator  transition  in  the  impurity  band  then  reduces  to  the  site  percolation  of 
Kondo  holes  with  first,  second  and  fourth  nearest  neighbors.  We  use  the  low  density  mean  cluster 
size  expansion  and  a  small  cell  renormalization  to  estimate  the  critical  concentration.  Hopping  in  the 
conduction  band  beyond  nearest  neighbors  reduces  the  percolation  threshold.  Hence,  9.9%  of  Kondo 
holes  is  an  upper  bound  for  the  insulator  to  become  a  metal.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)26408-8] 


Kondo  insulators  like  Ce3Bi4Pt3,  CeNiSn,  SmS,  SmB6, 
TmSe,  YbB12,  and  UNiSn  are  small-gap  semiconductors 
with  properties  that  strongly  depend  on  strains  in  the  crystal 
and  impurities.  The  addition  of  small  amounts  of  impurities 
gradually  destroys  the  coherence  of  the  ground  state  of  the 
Kondo  insulator.  A  Kondo  hole  is  the  charge  neutral  substi¬ 
tution  of  a  rare-earth  (actinide)  ion  by  a  nonmagnetic  analog, 
e.g.,  La  replacing  Ce  or  Th  substituting  U.  Each  Kondo  hole 
introduces  a  ^-function-like  bound  state  in  the  hybridization 
gap.  The  energies  of  the  poles  and  their  spectral  weight  de¬ 
termine  the  low-temperature  thermodynamic  and  transport 
properties  of  the  impure  insulator. 

We  previously  reported  on  the  local  density  of  /-states 
(/-DOS)  in  the  vicinity  of  an  isolated  Kondo  hole,1,2  the 
formation  of  impurity  bands  for  a  finite  concentration  of 
Kondo  holes,3,4  the  effects  of  doping  and  ligand  defects,5 
interaction  effects  between  two  Kondo  holes,6  and  recently 
we  extended  our  microscopic  theory  to  study  interference 
effects  in  arbitrary  clusters  of  impurities.7  Here,  we  limit 
ourselves  to  the  symmetric  nondegenerate  Anderson  lattice 
with  nearest-neighbor  (n.n.)  tight-binding  dispersion  for  the 
conduction  band  on  a  simple  cubic  (sc)  lattice.  The  bound 
state  for  an  isolated  impurity  pins  the  Fermi  level,  and  its 
spectral  weight  is  all  located  on  the  n.n.  sites  to  the  Kondo 
hole.1  This  is  also  the  case  for  a  pair  of  Kondo  holes  sepa¬ 
rated  by  more  than  one  lattice  spacing.6  For  two  Kondo  holes 
on  n.n.  sites  the  spectral  weight  decreases  rapidly  with  in¬ 
creasing  distance  from  the  impurities,  the  main  spectral 
weight  still  being  located  on  the  n.n.  sites  to  the  holes.  These 
results  remain  valid  for  an  arbitrary  cluster,7  in  particular, 
bound  states  with  Fermi  energy  have  only  spectral  weight  on 
n.n.  sites  to  a  Kondo  hole.  Hence,  the  bound  states  of  Kondo 
holes  separated  by  more  than  one  lattice  site  are  discon¬ 
nected.  Since  states  at  the  Fermi  level  are  responsible  for  the 
electric  transport,  the  insulator-metal  transition  is  reduced  to 
the  site  percolation  of  Kondo  holes  with  first,  second,  and 
fourth  neighbor  bonds. 

In  this  paper,  we  briefly  summarize  the  properties  of  the 
Kondo  hole  bound  states  at  the  Fermi  level.  Then  we  esti¬ 
mate  the  concentration  of  Kondo  holes  necessary  for  the  per¬ 


colation  using  two  methods,  the  low  density  mean  cluster 
size  expansion  and  a  small  cell  renormalization.  Finally,  we 
argue  that  hopping  in  the  conduction  band  beyond  n.n.  re¬ 
duces  the  percolation  threshold  and  briefly  address  the  ef¬ 
fects  of  electron-hole  asymmetry,  finite  temperatures  and  ex¬ 
ternal  frequencies  (ac  conductivities). 

We  consider  the  Anderson  lattice  H0 ,  and  the  scattering 
potential  Ht ,  due  to  the  nonmagnetic  impurities  at  sites  R; , 
7=1 . 


+  Y2  (cka/ko-+/Lcko-)5 

kcr 


Hj=(Sef/N)  2  «i(k'-k)VUv 
m'o- 


(1) 


Here,  is  large  and  positive  for  the  impurity  to  be 
nonmagnetic,1"3,6  N  is  the  number  of  sites  and 
ek=-2t  cos(kx)-2t  co$(ky)~2t  cos (kz)  with  1^1^77 is  the 
n.n.  tight-binding  dispersion  on  a  sc  lattice. 

Since  the  impurity  potential  is  a  sum  of  factorizable  po¬ 
tentials,  the  U~  0  scattering  problem  can  be  solved  exactly 
following  similar  steps  as  in  Refs.  1,  2,  and  6.  The  one- 
particle  Green’s  function  explicitly  depends  on  the  space 
configuration  of  the  Kondo  holes.  The  interaction  between 
Kondo  holes  arises  from  the  interference  in  the  scattering  off 
the  impurities.  We  introduce  a  transform  of  the  /-electron 
Green’s  function  of  the  pure  insulator 


Sfyz, R)  =  <SR,o(z  -  ef) - 1  +  [  V/(z -  ef)]2 

XF[z-V2/(z~ef),  R],  (2) 


where  R=0  is  the  zero  vector  and  F[z',R] 
=  (1  /N)^kelkKl(zr  ~  ek)  is  the  transform  of  the  spectral 
function  of  the  conduction  band.  Denoting  R^—R/— Ry  we 
define  the  7/X//  matrix  J^(z,R77)  with  entries  l  and  j  that 
correlates  the  impurity  sites.  In  the  limit  Ae^— »°°,  the  local 
/-DOS  at  a  site  R0  is 
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p/o.(w,R0)=-(lMIm  S^(z, 0) 

+  (1/77)2  Im{^.(z,R0j) 

)l 

X[^(z,R//)]-1S^U,R/0)},  (3) 

where  z  =  w+;0  and  Im  denotes  imaginary  part.  The  situa¬ 
tions  of  an  isolated1,2  and  of  a  pair  of  Kondo  holes6  are 
contained  as  special  limits. 

In  the  absence  of  impurities  the  edges  of  the  hybridiza¬ 
tion  gap  are  approximately  at  €f±V2/6t,  and  the  chemical 
potential  fi  lies  within  the  gap.  Correlations  within  the  / 
band  are  introduced  via  the  /  self-energy  within  the 

local  approximation,8  which  neglects  the  k  dependence.  The 
k  dependence  of.Xv(z)  is  believed  to  be  less  relevant  in 
heavy-fermion  systems  than  the  energy  dependence.  The 
imaginary  parts  of  ^.(<w+/0,R)  and  X[/(z)  vanish  inside  the 
gap,  so  the  quantities  are  real.1,2,6,8  Within  the  range  of 
interest,  Xy(z)  is  approximately  given  by  2y(o>) 
=  Unfl2-(y-l)(a)-  fi)  and  just  enters  the  Green’s  function 
as  a  renormalization  of  ef .  We  incorporate  the  Hartree-Fock 
shift  Un/2  into  ef.  Electron-hole  symmetry  then  requires 
ef—0.  The  Kondo  effect  is  contained  in  the  parameter  y, 
which  reduces  the  hybridization  gap  to  2  V2fy6t7  i.e.,  to  the 
size  of  Tk  .  Within  the  local  approximation  is  not  calcu¬ 
lated  selfconsistently,  so  that  the  k  dependence  induced  into 
X[/M  via  the  impurities  is  neglected. 

The  local  /  DOS  vanishes  identically  at  any  Kondo  hole 
site,  since  the  limit  prevents  the  occupation  of  the 

site  by  an  /-electron.  With  N(  Kondo  holes  there  are  Nt 
boundstates  in  the  gap  with  energies  given  by 
det[  1 0  JR//)] = 0,  i.e.,  the  poles  in  Eq.  (3).  Due  to  the 

electron-hole  symmetry  the  bound  state  energies  are  sym¬ 
metrically  distributed  with  respect  to  the  Fermi  level  at  fi= 0. 
Hence,  if  Nt  is  odd  there  is  always  a  bound  state  at  the  Fermi 
level.  In  general,  if  N{  is  large  we  expect  an  accumulation  of 
bound  states  with  energy  close  to  zero,  eventually  giving  rise 
to  the  impurity  band.  These  low-energy  bound  states  are  the 
relevant  ones  for  the  low-T  thermodynamics3,4  and  their  mo¬ 
bility  (connectivity)  determines  whether  the  impure  Kondo 
insulator  is  a  metal  or  an  insulator. 

The  spectral  weights  of  the  bound  states  follow  from  the 
properties  of  3^(z,R).  For  and  R2  differing  by  a  primitive 
basis  vector  of  the  lattice  with  |Ri|>|R2|,  we  have  that 
^.RiV^JM^-tzy/VV  From  Eq.  (3)  it  follows  that 
for  low-energy  bound  states  (|z|  is  small  for  states  close  to 
the  Fermi  level),  the  spectral  weight  at  a  site  dramatically 
decreases  with  the  distance  to  the  closest  Kondo  hole.  In 
particular,  for  states  at  the  Fermi  level  all  the  spectral  weight 
is  located  on  n.n.  sites  to  Kondo  holes.  For  z- 0  all  other 
sites  have  zero  spectral  weight.  Hence,  for  clusters  separated 
by  more  than  one  lattice  site  the  bound  states  at  the  Fermi 
level  are  disconnected.  A  percolating  cluster  necessarily  has 
a  bound  state  arbitrarily  close  or  at  the  Fermi  level.  Hence, 
the  metal-insulator  transition  on  a  sc  lattice  is  reduced  to  the 
site  percolation  of  Kondo  holes  with  first,  second  and  fourth 
neighbor  bonds. 

The  critical  concentration  for  the  metal-insulator  transi¬ 
tion  is  straightforwardly  calculated  for  a  Bethe  lattice  of  co- 


FIG.  1.  Estimates  of  pc  for  the  low  density  mean  cluster  size  expansion  for 
the  site  percolation  of  (1)  first  neighbor  bonds,  (1,2)  first  and  second  neigh¬ 
bor  bonds,  and  (1,2,3)  first,  second,  and  third  neighbor  bonds  on  a  sc  lattice. 
The  dashed  lines  are  the  extrapolated  critical  concentrations  (see  Ref.  9). 
The  dots  represent  estimates  using  consecutive  coefficients  an  and  the  tri¬ 
angles  estimates  using  an--Jan  •  The  cross  is  the  estimate  from  d\la2  for  the 
(1,2,4)  problem  involving  first,  second,  and  fourth  neighbor  bonds. 


ordination  ccr=[ &{&—\)\  For  6  this  yields 

ccr=0.0333,  which  is  an  underestimate  since  the  lattice  con¬ 
nectivity  is  neglected.  For  the  sc  lattice  this  task  is  consider¬ 
ably  more  complicated.  We  use  the  low  density  mean  cluster 
size  expansion  and  a  small  cell  renormalization  to  estimate 
the  percolation  probability. 

The  mean  size  of  finite  clusters  S(p),  where  p  is  the 
probability  that  a  site  is  occupied,  can  be  expanded  in  a 
power  series  in  p ,  S(p)~  1  +  2“=  \anpn,  by  summing  over 
the  probabilities  of  occurrence  of  all  possible  clusters  up  to  a 
desired  order.  The  probability  for  a  class  j  of  clusters  of 
order  s  is  of  the  form  sb(sj)ps(  1  ~p)\  where  b(sj)  is  the 
number  of  possible  configurations  and  r  is  the  “perimeter,” 
i.e.,  the  number  of  unoccupied  neighboring  sites  required  for 
the  cluster  to  be  isolated  (disconnected  from  other  clusters). 
The  convergence  of  the  series  expansion  in  p  is  then  ana¬ 
lyzed  with  Pade  approximants  or  with  the  ratio  method.  In 
two  dimensions  the  metal-insulator  transition  corresponds  to 
the  site  percolation  of  Kondo  holes  on  a  square  lattice  with 
first,  second,  and  third  neighbor  bonds.  For  this  problem  all 
clusters  of  up  to  five  occupied  sites  have  been  computed. 
Using  the  ratio  method  the  extrapolated  critical  percolation 
probability  is  pc— 0.292.9 

For  the  sc  lattice  the  site  problem  with  first  neighbor 


bonds  (1)  (clusters  up  to  nine  occupied  sites),  first  and  sec¬ 
ond  neighbor  bonds  (1,2)  (up  to  six  occupied  sites),  and  first, 
second,  and  third  neighbor  bonds  (1,2,3)  (clusters  of  fifth 


order)9  have  been  analyzed  using  the  ratio  method.  The  as¬ 
sn  motion  that  S(n)  diverges  as  A(l- p/pr)~(l+8)  when 


p—>pc,  leads  to 

a„~An*/r(l+g)p".10 


the  large  n  asymptotic  form 
We  can  then  determine  pc  from  the 


ratio  of  consecutive  coefficients,  pc=(l  +g/n)(an_1/a„). 


Critical  properties  do  not  depend  on  the  range  of  the  bonds 
(as  long  as  they  are  short  ranged),  so  we  may  use  g  —  y— 1 
~0.8  (Ref.  11)  for  all  cases.  The  dots  in  Fig.  1  are  the 
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estimates  from  consecutive  coefficients  an .  The  oscillations 
present  in  the  estimates  for  n.n.  bonds  are  suppressed  for 
(1,2)  and  (1,2,3)  due  to  the  higher  connectivity  of  the  lattice. 
The  triangles  correspond  to  estimates  using 
pc=[(l  -\~g/n)(l  +g/(n-  l))(an_2lan)]m.  This  suppresses 
the  oscillations  and  leads  to  a  monotonic  convergence  to  the 
extrapolated  critical  concentrations  (dashed  lines). 

For  first,  second,  and  fourth  neighbor  bonds  (1,2,4)  we 
limited  ourselves  to  calculate  the  first  two  coefficients  of  the 
series  are  ax— 24  and  a2=342.  This  leads  to  an  estimate  for 
pc  of  0.0982  (cross  in  Fig.  1),  a  value  that  is  slightly  above 
the  corresponding  (1,2,3)  estimate.  Since  the  estimates  for 
problems  with  high  connectivity  do  not  appear  to  vary  sub¬ 
stantially  with  n,  we  may  use  this  value  as  an  indication  that 
Pc~  0.10. 

Another  method  to  obtain  the  percolation  threshold  is  the 
small  cell  renormalization  which,  like  the  block  spin  renor¬ 
malization  frequently  used  for  thermal  critical  phenomena,  is 
based  on  self-similarity  under  scaling.  Scaling  assumes  that 
the  linear  dimension  b  of  the  cell  is  much  smaller  than  the 
correlation  length  £.  The  M~b 3  sites  of  the  cell  are  replaced 
by  a  single  supersite.  The  criterium  for  such  replacement  in 
thermal  critical  phenomena  is  the  majority  rule.  For  a  perco¬ 
lation  problem  the  connectivity  is  the  essential  ingredient.12 
We  consider  a  supersite  occupied  if  the  bottom  and  top  faces 
of  the  cell  are  connected,  and  empty  otherwise.  The  renor¬ 
malization  transform  yielding  the  probability  of  occupation 
of  the  supersite  p '  is  then 

/>'  =  2o/?(^)pr(l (4) 

where  is  the  fraction  of  clusters  of  r  sites  that  are  con¬ 
nected  from  top  to  bottom.  The  are  obtained  numerically 
by  considering  a  representative  set  of  clusters.  At  the  perco¬ 
lation  point,  p'  =p=pc  gives  a  self-consistent  equation  with 
three  fixed  points,  the  two  stable  ones  p=  0  and  p  —  1  of 
attraction  basins  separated  by  the  desired  pc .  Figure  2  shows 
the  pc(b)  obtained  for  the  site  percolation  in  the  (1,2,4) 
problem  plotted  as  a  function  of  b~xlv ,  where  v=0.9  is  the 
critical  exponent  of  the  correlation  length.  The  straight  line 
in  Fig.  2  shows  the  scaling  of  the  data  for  b^  18  and  extrapo¬ 
lates  to  pc =0.099  for  the  infinite  system.  This  value  is  con¬ 
sistent  with  the  estimate  from  small  cluster  expansions. 

In  summary,  the  insulator-metal  transition  for  the  nonde¬ 
generate  symmetric  Anderson  lattice  with  n.n.  hopping  for 
the  conduction  band  on  a  sc  lattice  can  be  reduced  to  the  site 
percolation  of  Kondo  holes  with  first,  second,  and  fourth 
neighbor  bonds.  We  estimated  the  critical  concentration  of 
Kondo  holes  at  about  9.9%.  Assuming  a  constant  mean-free 
path  in  the  vicinity  of  pc,  the  electrical  conductivity  tends  to 
zero  proportionally  to  ( p~pc )2  as  /?—>/?*. 11  In  the  critical 
region  the  correlation  length  diverges  as  £  QC(p~pc)~v  with 
v^0.9  and  the  mean  size  of  finite  clusters  as  S°^(p—pc)~y 
with  y^l.8,  while  the  strength  of  the  infinite  network  (for 
p>pc )  increases  as  P^ip-p^  with  /3—0.4.11 

If  the  tight-binding  dispersion  extends  beyond  n.n.,  also 
the  physical  extension  of  the  bound  states  increases  accord- 


FIG.  2.  Small  cell  renormalization  for  the  (1,2,4)  site  problem  for  several 
cell  sizes  from  b= 3  up  to  &=50.  pc(b)  is  obtained  as  the  nontrivial  fixed 
point  of  the  renormalization  transformation  (4).  The  extrapolated  critical 
concentration  is  0.099.  The  straight  line  shows  the  scaling  of  the  data  for 
18^6^50  with  b~llv ,  where  ^=0.9  is  the  exponent  of  the  correlation 
length. 

ingly,  e.g.,  for  states  at  the  Fermi  level  the  spectral  weight  is 
nonzero  on  all  sites  that  can  be  reached  by  simple  hopping 
from  a  Kondo  hole. 

For  states  that  are  close  to  the  Fermi  level  or  for  a  small 
electron-hole  asymmetry,  also  sites  beyond  n.n.  to  a  Kondo 
hole  have  a  small  spectral  weight.  The  spectral  weight  de¬ 
creases  very  fast  with  the  distance.  Hence,  electron-hole 
asymmetry,  an  ac  electric  field,  a  constant  magnetic  field  or  a 
finite  temperature  increase  the  connectivity.  Two  types  of 
connections  have  to  be  distinguished:  the  strong  ones  we 
considered  in  this  paper  and  weak  ones  induced  by  the  above 
parameters.  Below,  the  pc  for  the  strong  connections  the  im¬ 
pure  Kondo  lattice  is  expected  to  behave  like  a  very  poor 
metal  or  a  dirty  semiconductor.  Although  there  may  be  a 
percolating  cluster,  the  tunneling  probability  will  be  very 
small. 
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Tb  impurities  in  Th:  A  Kondo  system  with  undercompensated 
magnetic  moment? 
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Dilute  TbtTh|  _x  alloys  have  been  thoroughly  studied  in  the  light  of  a  possible  valence  instability 
and  Kondo  effect  in  Tb3+  and  Tb4+  ions.  We  review  the  experimental  data  for  the  specific  heat, 
magnetic  susceptibility,  magnetization,  magnetoresistivity,  and  the  change  of  the  superconducting 
properties  of  Th.  In  analogy  to  Tm  (Tm2+  and  Tm3+)  and  Pr  (Pr3+  and  Pr4+)  impurities  in  metals, 
Tb  involves  two  electronic  configurations  each  with  a  magnetic  Hund’s  rule  ground  multiplet.  Two 
classes  of  models  for  valence  admixtures  of  two  magnetic  configurations  have  been  investigated  in 
the  past.  Depending  on  the  form  of  the  hybridization  and  the  jj  coupling  within  the  4/  shell,  the 
models  either  have  a  singlet  or  a  magnetic  ground  state.  As  for  Tm  impurities  the  latter  class  of 
models,  related  to  the  undercompensated  Kondo  effect,  appears  to  describe  the  system  Tb  Th  more 
appropriately.  A  qualitative  explanation  of  the  data  is  attempted  within  a  scheme  that  combines 
Kondo  screening  with  crystalline  field  splitting.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)26508-4] 


The  exact  solution  of  the  Coqblin-Schrieffer  and  the 
degenerate  £/-*»  Anderson  models  in  terms  of  Bethe’s  an- 
satz  opened  the  possibility  of  quantitative  comparisons  with 
experimental  data  for  dilute  Ce  and  Yb  alloys,1  i.e.,  systems 
with  one  localized  electron  or  hole  in  the  /  shell.  A  remark¬ 
ably  good  agreement  was  obtained  for  the  temperature  and 
magnetic  field  dependence  of  the  susceptibility,  the  specific 
heat,  the  magnetization,  and  the  valence  for  impurity  systems 
(see  Ref.  1  for  a  review),  alloys1  and  compounds.1-3 

This  analysis  has  been  extended  to  the  transition-metal 
impurities  Fe  and  Cr  in  simple  metals  like  Cu  and  Ag.4  Re¬ 
alistic  models  for  these  impurities,  as  well  as  for  Mn2+  and 
Eu2+  impurities,  involve  more  than  one  localized  electron 
(hole)  and  are  necessarily  more  complex.  The  n -channel 
Kondo  model5  provides  a  suitable  description  if  one  assumes 
that  the  orbital  degrees  of  freedom  are  quenched  to  an  orbital 
singlet  by  one  or  more  mechanisms.  The  low-T  properties  of 
such  impurity  systems  are  those  of  a  totally  compensated 
impurity  spin  (spin-singlet  ground  state),  which  is  realized 
within  the  n  -channel  Kondo  model  if  the  number  of  channels 
n  is  equal  to  2 S. 6 

Two  further  qualitatively  different  situations  may  occur: 
(a)  If  n<2S,  the  impurity  spin  is  undercompensated,  since 
there  are  not  enough  conduction  electron  channels  to  yield  a 
singlet  ground  state,  leaving  an  effective  spin  degeneracy  of 
(2 S+ 1  -n).  (b)  If  n>2S,  the  number  of  channels  is  larger 
than  required  to  compensate  the  impurity  spin.  The  impurity 
is  said  to  be  overcompensated  and  critical  behavior  is  ob¬ 
tained  as  both  the  temperature  and  the  field  tend  to  zero.  The 
overcompensated  case  for  S  =  1/2  and  n—  2  represents  the 
physical  situations  of  the  quadrupolar  Kondo  effect7  and 
electron-assisted  tunneling  of  an  atom  in  a  double-well 
potential.8  An  alloy  possibly  displaying  the  quadrupolar 
Kondo  effect  is  UXY,  _tPd3  (Ref.  9)  and  an  experimental 
realization  for  tunneling  with  multichannel  characteristics  is 
the  differential  resistance  of  metal  point  contacts  containing 
structural  disorder.10 


A  possible  application  of  the  undercompensated  Kondo 
effect  are  dilute  alloys  of  impurities  with  two  magnetic  con¬ 
figurations  in  simple  metals.  The  experimentally  most  stud¬ 
ied  case  is  Tm  as  dilute  impurities,11  and  TmSe  and  its 
alloys.12  For  mixed- valent  Tm  ions  the  Hund’s  rule  ground 
multiplets  of  the  two  configurations  4/12  and  4/13  are  7=6 
and  7=7/2,  i.e.,  both  are  magnetic.  The  experiments  seem  to 
point  towards  a  magnetic  ground  state.  Other  candidates  are 
Pr  ions  and  Tb  impurities.  In  this  paper  we  explore  the  pos¬ 
sibility  of  interpreting  experiments  on  dilute  TbTh  alloys  as 
undercompensated  Kondo  impurities. 

The  main  experimental  results  for  dilute  Tb^Th^^  al¬ 
loys  can  be  summarized  as  follows,  (i)  The  high- 7'  suscepti¬ 
bility  for  T>  100  K  essentially  has  the  full  magnetic  moment 
of  Tb3+.13  The  magnetic  moment  is  considerably  reduced  at 
intermediate  7\14  probably  as  a  consequence  of  Kondo 
screening  and/or  crystalline  fields,  (ii)  At  low  T  the  suscep¬ 
tibility  x  has  a  spin-glass-like  peak  at  a  7max  that  monotoni- 
cally  increases  with  the  Tb  concentration,  x.14  The  value  of  x 
at  Tmax  decreases  with  x.  (iii)  The  specific  heat  in  zero  field 
is  proportional  to  T  at  low  T  with  a  y  coefficient  of  about 
450  mJ/(K2  mol  Tb).13  As  a  function  of  T  the  electronic  spe¬ 
cific  heat  shows  a  maximum  at  about  4  K.  At  higher  T  the 
specific  heat  of  Tb  impurities  follows  a  (yT+^T3)  law  with 
positive  /?  (after  subtracting  the  electron  and  phonon  contri¬ 
butions  of  the  host).  The  sign  of  /3  is  then  opposite  to  that  of 
spin- 1/2  Kondo  impurities,  (iv)  The  increase  of  entropy  from 
very  low  T  to  about  6  K  is  approximately  R  ln(2)  but  still 
showing  clear  tendency  to  grow.13  (v)  A  relatively  large  mag¬ 
netic  field  enhances  the  specific  heat  of  the  alloy  at  higher  T , 
reduces  it  at  intermediate  T  and  an  interesting  up-tum  is 
observed  in-field  at  low  temperatures.  This  remarkable  be¬ 
havior  is  displayed  in  Fig.  1.  (vi)  The  resistivity  due  to  the 
Tb  impurities  is  only  weakly  T  dependent  (if  not  constant) 
and  independent  of  the  magnetic  field  (no  magnetoresis¬ 
tance).  (vii)  The  magnetization  as  a  function  of  field  has  the 
characteristics  of  a  free  spin  or  Kondoesque  impurity. 
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FIG.  1.  Specific  heat  over  T  as  a  function  of  T 2  for  the  alloy  Tb^Th,  _x  with 
*=0.015  in  zero  field  and  a  magnetic  field  of  3  T.  For  H =0  a  Schottky-like 
structure  arising  from  the  impurities  is  seen,  which  is  quenched  by  the 
moderate  field  of  3  T.  At  low  T  an  up-turn  of  C/T  develops  in  magnetic  field 
as  a  consequence  of  the  Tb  ions.  The  inset  shows  the  discontinuity  of  the 
specific  heat  at  Tc  normalized  to  the  value  for  the  pure  superconductor  as  a 
function  of  TcITc0.  The  two  samples  correspond  to  *=0.0045  and  0.0084. 
The  solid  curve  refers  to  pure  pair  breaking  (Abrikosov-Gor’kov)  and  the 
dashed  line  to  pair  weakening  (BCS  law  of  corresponding  states). 


(viii)  The  Th  matrix  is  a  superconductor  with  Tc0  =  l36  K. 
Tb  impurities  reduce  Tc  approximately  linearly  with  the 
concentration.15  The  extrapolated  critical  concentration  is 
roughly  1.5  at.  %.  The  pressure  dependence  of  Tc  apparently 
scales  that  of  the  host.  The  suppression  of  superconductivity 
is  neither  pure  pair  breaking  (Abrikosov-Gor’kov)  nor  pure 
pair  weakening,  but  consistent  with  a  Kondoesque  mecha¬ 
nism  with  Tk~3Tc0.16  (ix)  The  discontinuity  of  the  specific 
heat  for  the  alloy  normalized  to  the  value  of  the  pure  super¬ 
conductor  is  shown  in  the  inset  of  Fig.  1  for  two  samples.  On 
one  hand,  the  data  lies  below  the  BCS  law  of  corresponding 
states  (pair  weakening),  but  on  the  other  hand,  the  sample  of 
larger  concentration  of  impurities  lies  above  the  Abrikosov- 
Gor’kov  curve  (pair  breaking).  These  results  could  be  con¬ 
sistent  with  a  Kondoesque  mechanism  not  displaying  reen- 
trance  (TK>Tc0).16 

Many  of  the  above  properties  are  not  consistent  with  a 
singlet  ground  state  for  the  Tb  impurities.  Tb  ions  in  a  me¬ 
tallic  environment  are  close  to  a  valence  instability  so  that 
two  electronic  configurations,  namely,  Tb3+  (4/8)  with  a 
Hund’s  rule  ground  multiplet  of  7=6  and  Tb4+  (4 f)  (S-state 
isoelectronic  to  Gd3+)  with  7=7/2  are  expected  to  coexist 
via  valence  admixture  through  conduction  electrons.  The 
high-T  magnetic  moment  of  the  susceptibility13  indicates  that 
the  energetically  favorable  and  dominating  configuration  is 
4/8.  The  Hund’s  rule  groundstate  for  both  configurations  is 
magnetic.  Two  classes  of  models  for  valence  admixtures  of 
two  magnetic  configurations  were  extensively  investigated  in 
the  past.  One  class  of  models  involves  the  hybridization  with 
two  (or  more)  conduction  electrons,  while  the  other  class 
only  considers  the  jj  coupling  with  one  band  state.  Neither 


class  decomposes  the  /-shell  states  using  fractional  parent¬ 
age  coefficients.  We  briefly  review  the  main  results  below. 

A  representative  Hamiltonian  of  the  first  class  of  models 
(several  related  variants  have  been  studied)  is  the  following 
generalization  of  the  Anderson  model17,18 

H ~  !2  ^k^km^km 

km 

+  £i 2  |lw)(lra|+£22  \2mmr)(2mm'\ 

m  mm ' 

+  V  2  (|2rnm')(lm|cA:mf +  lm)(2mm'\), 

kmm ' 

(i) 

where  ek  is  the  dispersion  of  the  conduction  states,  m  labels 
the  z  component  of  ;(|m|^j)5  and  |l m)  and  12mm')  denote 
/  states  with  one  and  two  localized  electrons  (of  z  compo¬ 
nents  m  and  mf),  respectively.  Model  (1)  is  formulated  for  Pr 
ions  (/=5/2)  or  Tm  impurities  (holes  with  j— 7/2  instead  of 
electrons).  The  reported  calculations  of  the  ground  state  are 
perturbative  in  V,  variational  ansatze  and  selfconsistent  dia¬ 
gram  summations  in  the  spirit  of  the  1/A  expansion,17-22  and 
consistently  yield  a  singlet  as  the  state  of  lowest  energy,  even 
if  Eq.  (1)  is  modified  to  include  Clebsch-Gordan  coefficients 
to  provide  a  more  realistic  coupling. 

Representative  for  the  second  class  of  models  is23,24 

H—  ^k^km^km  \\ 

km  M] 

+  2  M  \  J2M2)(J2M2 1 

M2  2  2 

+  V(272+  1)1/2  2  (7 2^ 2jm\j 2jJ \M  1) 

kmM  \M  2 

X  \\J \M  \){J  2M  2\c  km  +  c\m\j  2M  2){J \Mi\],  (2) 

where  \JXMX)  and  \J2M2)  denote  the  states  of  the  Hund’s 
rule  ground  multiplets  of  the  4 fn+1  and  Afn  configurations, 
respectively.  The  relevant  conduction  states  have  total  angu¬ 
lar  momentum  j  and  z  component  m.  The  model  corresponds 
to  the  U — »°o  limit  of  an  Anderson  impurity  excluding  states 
other  than  the  Jx  and  J2  manifolds  and  a  hybridization  within 
a  simplified  jj  scheme.  The  Clebsch-Gordan  coefficient  se¬ 
lects  m  =  Ml-M2 .  This  model  contains  all  the  relevant 
mixed  valent  situations  as  limiting  cases:  (1)  For  72=0  and 
j  =  J\  —  5/2  it  reduces  to  the  Anderson  model  for  Ce.  (ii)  For 
j  —  J2  =  7/2  and  Jx =0  we  recover  the  standard  picture  for  Yb. 
(iii)  The  case  of  Pr  is  obtained  for  J2~j  =  5f2  and  7j=4, 
while  (iv)  Tm  ions  are  parametrized  by  72=6  and 
7 1  =7  =  7/2.  (v)  Mixed-valent  Sm  impurities  are  described  by 
72=0  and  Jx=j  =  5l2 .  (vi)  Finally,  Eu  corresponds  to  72=0 
and  j  =  JX  =  7/2. 

Several  treatments  of  model  (2)  (and  its  generalization  to 
a  lattice)  have  been  reported  for  the  situation  of  two  degen¬ 
erate  ground  multiplets  (i.e.,  7^0  and  72A0),  e.g.,  mean- 
field  approaches,23,25  perturbative  summations  using  Mori’s 
projector  formalism,24,26  the  coherent  potential 
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approximation,27  Wilson’s  numerical  renormalization 
group,28  exact  solutions  via  Bethe’s  ansatz  (only  J2=j  =  1/2 
and  Jx  =  1  is  integrable)29’30  and  numerical  diagonalizations 
using  Lanczos  method.31  The  main  result  common  to  all 
these  approaches  is  a  magnetic  groundstate. 

The  magnetic  groundstate  can  be  made  plausible  with 
the  following  Gedanken  experiment  based  on  the  fact  that  an 
impurity  does  not  undergo  a  phase  transition.  Consider 
model  (2)  as  afunction  of  A  =  E]{  -  Ej2  -  p,  where  /x.is  the 
chemical  potential.  If  A  is  very  large  (either  positive  or  nega¬ 
tive)  compared  to  V,  one  of  the  configurations  can  be  pro¬ 
jected  out  by  means  of  a  Schrieffer- Wolff  transformation. 
Assume  J2+ j^J\  and  JX>J2  (otherwise  interchange  elec¬ 
trons  with  holes).  As  an  example  consider  first  the  well- 
known  case  of  a  Ce  impurity:  If  A§>0  the  ground  state  is  the 
4 f°  singlet,  while  for  A<§0  the  impurity  spin  Jx  is  Kondo 
compensated  into  a  singlet  via  the  Coqblin— Schrieffer 
mechanism.  The  ground  state  is  a  singlet  for  all  values  of  A 
and  character  of  the  ground-state  wave  function  gradually 
interpolates  between  these  two  limits.  The  general  case  can 
be  understood  in  a  similar  way.  If  AM)  the  ground  multiplet 
is  J2,  which  is  coupled  to  the  conduction  electrons  via  a 
ferromagnetic  spin  exchange  (which  includes  Clebsch— 
Gordan  coefficients).  Under  renormalization  the  model  then 
evolves  into  a  weak  coupling  fixed  point,  i.e.,  asymptotically 
the  impurity  is  free  and  decoupled  from  the  host.  The  impu¬ 
rity  has  a  J2  ground  multiplet.  A  is  now  continuously  de¬ 
creased  from  AM)  to  A«0;  although  the  character  of  the 
ground  state  of  the  impurity  changes  as  a  function  A,  it  will 
remain  a  multiplet  of  total  angular  momentum  J2.  In  the 
limit  A<?0  the  exchange  coupling  of  the ./ ,  multiplet  with  the 
conduction  electrons  is  antiferromagnetic  leading  to  a  strong 
coupling  fixed  point  under  renormalization.  Here  the  conduc¬ 
tion  electrons  of  total  angular  momentum  j  compensate  the 
./,  multiplet  via  the  Kondo  effect  into  a  J2  multiplet.  This 
undercompensated  Kondo  effect  picture  emerges  from  all 
approaches23-31  for  model  (2). 

We  now  explore  the  possibility  to  qualitatively  explain 
the  experimental  facts  for  TbTh  with  model  (2).  Via  the 
Kondo  effect  the  Jx =6  multiplet  of  Tb3+  is  screened  to  a 
J 2=1 12  multiplet  by  conduction  electrons  in  the  channel 
y=7/2.  Assuming  that  TK  for  this  undercompensated  Kondo 
effect  is  large  (e.g.,  about  50  K  which  is  consistent  with  the 
drop  of  the  magnetic  moment  as  a  function  of  T)  compared 
to  the  cubic  crystalline  field,  the  octet  is  split  into  two  dou¬ 
blets,  r6  and  r7,  and  a  T8  quartet.  The  peak  in  the  specific 
heat  at  about  4  K  is  the  Schottky  anomaly  for  the  crystalline 
field  splitting  between  the  two  lowest  levels.  The  low-T  en¬ 
tropy  excludes  the  Tg  from  being  the  ground  multiplet;  the 
most  likely  scenario  is  that  the  two  lowest  levels  are  the 
doublets  [A  S=R  ln(2)],  but  the  quartet  as  the  first  excited 
level  cannot  be  excluded  [AS  =  R  ln(3)].  The  ground  doublet 
opens  the  possibility  of  magnetic  “order”  of  the  spin-glass 
type.  The  specific  heat  is  a  superposition  (and  possible  inter¬ 
ference  of)  crystalline  field  Schottky  anomalies  and  the 


Kondo  effect.  The  Kondo  effect  gives  rise  to  the  yT  +  / 3T 3 
contribution.  The  numerical  value  of  y  associated  with 
7^=50  K  is  about  a  factor  of  two  smaller  than  the  experi¬ 
mental  one,  while  the  (3  arising  from  the  impurities  (phonons 
have  been  subtracted)  has  the  correct  (positive)  sign.  The 
sign  of  /3  would  be  the  same  as  for  the  7=7/2  Anderson 
model  in  the  {/-> oo  limit.1  The  magnetic  ground  doublet  is 
also  consistent  with  the  depression  of  the  superconducting  Tc 
and  AC/AC0  deviating  from  the  BCS  law  of  corresponding 
states.  A  strong  magnetic  field  would  lift  the  degeneracy  of 
the  ground  doublet  and  induce  another  Schottky  anomaly  at 
very  low  T.  This  Schottky  anomaly  could  be  the  origin  of  the 
up-tum  in  the  specific  heat  shown  in  Fig.  1 . 

In  summary,  the  above  speculations  are  consistent  with 
most  of  the  properties  of  TbTh.  We  would  like  to  point  out 
that  the  above  scheme  cannot  be  reconciled  with  the  absence 
of  magnetoresistivity. 
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There  is  a  great  change  in  the  nature  of  the  magnetic  ordering  on  going  from  Celn3 ,  a  local  moment 
antiferromagnetic  system,  to  CePb3,  a  heavy  fermion  itinerant  antiferromagnetic  system,  both  of 
which  have  Cu3Au  crystal  structure.  We  have  applied  ab  initio  electronic  structure  calculations, 
based  on  the  linear-muffin-tin-orbital  method,  and  a  phenomenological  theory  of  orbitally  driven 
magnetic  ordering,  to  study  the  effects  of  the  band-/  hybridization-induced  interactions  and  the 
band-/  exchange-induced  interactions,  pertinent  to  the  magnetic  behavior  of  these  systems.  The 
position  of  the  Ce  4/  energy  level  relative  to  the  Fermi  energy  and  the  intra-atomic  Coulomb 
interaction  are  obtained  from  a  sequence  of  three  total-energy  supercell  calculations  with  two,  one 
and  zero  /  electrons  in  the  Ce4 /  core.  The  calculations  elucidate  the  origins  in  the  electronic 
structure  of  the  variation  of  the  /-state  resonance  width  characterizing  the  strength  of  the 
hybridization  and  the  density  of  states  at  the  Fermi  energy  characterizing  the  number  and  character 
of  band  states  available  for  hybridization.  We  present  results  for  the  hybridization  potential  and  the 
hybridization-induced  exchange  interactions  on  going  from  Celn3  to  CePb3 ,  where  the  only  obvious 
change  is  the  addition  of  an  anion  p  electron.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)26608-0] 


I.  INTRODUCTION 

The  CeX3  compounds  with  X=In,  Sn,  and  Pb  provide 
the  opportunity  to  study  the  competition  between  different 
ground  states  in  cerium  systems/These  compounds  are  all 
cubic  with  the  Cu3Au  structure.  Celn3  is  a  local  moment 
antiferromagnetic  system2  (LMAF)  with  a  Neel  temperature 
of  about  10  K  and  a  weak  low-temperature  moment  of  0Ajub 
that  shows  strong  Kondo  resistivity.3  The  cerium  moments 
are  aligned  antiferromagnetically  in  adjacent  (111)  ferromag¬ 
netic  planes.  When  a  small  amount  of  tin  is  substituted  for 
indium,  the  magnetic  ground  state  is  no  longer  stable,  and 
the  system  no  longer  orders.1  This  indicates  that  the  under¬ 
lying  energy  parameters  in  Celn3  lie  near  the  values  at  which 
a  magnetic-nonmagnetic  instability  of  the  4/  electron  occurs. 
CeSn3  is  a  mixed  valent  (MV)  system1  which  does  not  order 
magnetically.  Finally,  CePb3  has  been  shown4  to  be  an  itin¬ 
erant  antiferromagnet  with  an  extremely  small  moment  and  a 
Neel  temperature  of  1.2  K.  Moreover,  several  CePb3  proper¬ 
ties  show  heavy  fermion-like  behavior.4 

The  purpose  of  the  work  reported  here  was  to  investigate 
the  origins  in  the  electronic  structure,  of  the  variation  of  the 
/-state  resonance  width  characterizing  the  strength  of  the  hy¬ 
bridization,  the  density  of  states  at  the  Fermi  energy,  charac¬ 
terizing  the  number  and  character  of  band  states  available  for 
hybridization,  the  hybridization  potential,  and  the 
hybridization-induced  and  exchange-induced  interactions  on 
going  from  Celn3  to  CePb3 ,  where  the  only  obvious  change 
is  the  addition  of  an  anion  p  electron.  We  have  employed  a 
unified  theory  that  we  have  recently  developed,5-11  which 
involves  a  synthesis  of  (i)  a  phenomenological  theory  of 
moderately  delocalized  /-electron  systems  which  includes 
explicit  correlation  effects  and  treats  both  the  band-/  hybrid¬ 
ization  and  the  band-/  Coulomb  exchange  on  an  equal  foot¬ 
ing,  and  (ii)  ab  initio  electronic  structure  calculations,  based 
on  the  linear-muffin- tin-orbital  (LMTO)  method,12  allowing 


a  first-principles  evaluation  of  the  parameters  entering  the 
phenomenological  theory.  The  interconfigurational  correla¬ 
tion  effects,  which  are  important  for  this  class  of  systems  and 
which  are  treated  explicitly  in  our  theory,  are  not  preserved 
in  band  theory  and  cannot  be  captured  by  the  exchange  cor¬ 
relation  potential  used  in  band  theory. 

The  self-consistent  one-electron  potential  is  obtained 
from  a  warped-muffin-tin  LMTO  calculation  without  re¬ 
course  to  the  atomic  sphere  approximation,12  i.e.,  using  a 
nonzero  tail  parameter  in  the  interstitial,  which  is  treated  as  a 
variational  parameter.  Two  energy  windows  are  employed  to 
allow  coverage  of  various  subbands:  the  semicore  cerium  5p 
states  are  calculated  with  a  tail  parameter  about  —0.9  Ry,  and 
the  cerium  valence  6s ,  6p,  and  5d  states  and  anion  In(Pb) 
5s (6s)  and  5p(6p)  states  with  a  tail  parameter,  which  is  the 
average  energy  over  occupied  states  in  the  interstitial.  The 
full  potential  in  the  interstitial  is  used  and  the  only  shape 
approximation  to  the  potential  is  a  spherical  averaging  in 
nonoverlapping  muffin-tin  spheres.  The  cerium  4/  electrons 
are  treated  as  localized  rather  than  itinerant  states  and  thus 
they  are  included  self-consistently  as  core  states  at  each  it¬ 
eration,  not  being  allowed  to  hybridize  with  band  states.  The 
relative  magnitude  of  the  muffin-tin  radii  are  chosen  so  that 
nearest-neighbor  muffin-tin  spheres  touch  at  the  minimum  in 
the  charge  density  between  nearest  neighbors.  While  the  ba¬ 
sis  functions  for  the  band  states  are  scalar  relativistic,13  spin- 
orbit  coupling  is  included  self-consistently.  The  electronic 
structure  provides  the  band  states  and  energies,  and  a  self- 
consistent  hybridization  potential,  thereby  allowing  determi¬ 
nation  of  the  band-/  hybridization  potential  matrix  elements, 
Vkm  and  the  band-/  coulomb  exchange  matrix  elements 
/„„'(k,k').  The  4/-state  energy  relative  to  the  Fermi  energy 
Ef—EF ,  and  the  intra-atomic  correlation  energy  U ,  are  de¬ 
termined  from  differences  of  total  energy  calculations  for 
different  /  configurations  as  impurities  in  a  supercell 
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FIG.  1.  The  band  structure  of  Celn3,  calculated  with  the  cerium  4/  states 
treated  as  core  states,  along  symmetry  lines  in  the  Brillouin  zone.  The  band 
energies  are  with  respect  to  the  Fermi  energy. 

)  where  all  cerium  sites  but  one  have  the  nominal 
configuration  /'.  Having  determined  the  phenomenological 
model  Hamiltonian  parameters  on  an  absolute  basis,  one  can 
evaluate6-11  the  hybridization-induced  and  RKKY  (but  with 
the  orbital  part  included)  two-ion  exchange  interactions  per¬ 
tinent  to  the  unusual  magnetic  ordering  in  this  class  of  sys¬ 
tems. 

II.  RESULTS  AND  DISCUSSION 

The  band  structure  of  Celn3  (typical  of  this  class  of  sys¬ 
tems),  calculated  with  the  Ce  4/  states  treated  as  core  states, 
is  plotted  along  symmetry  lines  in  Fig.  1,  with  the  band 
energies  measured  with  respect  to  the  Fermi  energy.  We  treat 
the  effects  of  band-/  hybridization  within  the  context  of  the 
Anderson  model  Hamiltonian,  where  the  hybridization  ma¬ 
trix  element  Vkm  in  the  model  Hamiltonian  is  taken  to  be  the 
matrix  element  of  the  muffin-tin  Hamiltonian  between  band 
states  of  non-/  character  and  the  wave  function  representing 
the  Ce4/5/2  state,  tpf,  which  is  obtained  (self-consistently) 
from  the  resonance  in  the  potential  within  the  Ce  muffin 
tin.6,7  The  bands  dominating  the  hybridization-induced  prop¬ 
erties  are  those  lying  near  the  Fermi  energy,  which  are 
largely  derived  from  anion  p  -derived  and  cerium  -derived 
bands.  Within  the  context  of  the  model  Hamiltonian,  anion 
derived  p  -states  hybridize  more  strongly  with  the  Ce  4/- 
resonance  states,  because  the  Ce-anion  separation  is  smaller 
than  the  Ce-Ce  separation.  The  bands  at  T  which  are  85 
mRy  below  the  Fermi  energy  are  indium  p  bands,  whereas 
those  which  are  144  mRy  above  the  Fermi  energy  are  Ce  d 
bands.  The  addition  of  an  anion  p  electron  on  going  from 
Celn3  to  CePb3  causes  the  anion  p -derived  bands  at  T  to  shift 
at  189  mRy  below  the  Fermi  energy,  thus  suppressing  the 
p-f  hybridization.  This  is  consistent  with  the  decrease  of  the 
/-state  resonance  width  listed  in  Table  I,  characterizing  the 
strength  of  hybridization.  The  partial  density  of  states  (DOS) 
corresponding  to  the  band  structure  in  Fig.  1  is  shown  in  Fig. 
2.  Plotted  are  the  partial  DOS  for  the  Ce  ^-derived  (solid 
curve),  the  In  s -derived  (dashed  curve),  and  -derived  (dot¬ 


TABLE I.  Summary  of  LMTO  results  for  the  Fermi  energy  EF ,  the  Ce  4 fsn 
resonance  energy,  the  total  density  of  states  N(EF)  at  EF ,  the  Ce  d-derived 
and  anion  (In  or  Pb)  p -derived  partial  density  of  states  at  EF ,  the  Ce  4fsa 
resonance  width  T,  and  the  hybridization  potential  v(kf),  for  Celn3  and 
CePb3 ,  respectively.  Also  listed  are  the  results  of  the  supercell  LMTO  cal¬ 
culations  for  the  position  of  the  /  state  relative  to  the  EF,  and  the  intra- 
atomic  Coulomb  interaction  U. 


Celn3 

CePb3 

Lattice  constant  (a.u.) 

8.859 

9.210 

Ce  muffin-tin  radius  (a.u.) 

2.975 

3.100 

Anion  muffin-tin  radius  (a.u.) 

3.132 

3.256 

Ef  (Ry) 

0.487 

0.453 

Ce  4/  resonance  energy  (Ry) 

0.503 

0.442 

N(Ef)  (Ry-1) 

27.3 

41.5 

N?(Ef)  (Ry-1) 

5.5 

7.5 

Nfm(EF)  (Ry-1) 

12.3 

23.3 

T  (mRy) 

6.30 

5.13 

v(kf)  (mRy) 

-2.55 

-2.21 

Ef—EF  (eV) 

-3.2 

-3.0 

U  (eV) 

6.2 

6.3 

ted  curve)  bands,  respectively.  The  Fermi  energy  EF ,  and  the 
DOS  at  the  Fermi  energy  N(EF ),  in  Celn3  are  0.487  Ry  and 
27.3  states/Ry,  respectively,  compared  to  the  corresponding 
values  of  0.453  Ry  and  41.5  states/Ry  in  CePb3.  On  going  to 
CePb3  there  is  an  opening  of  a  gap  in  the  DOS  between 
-0.025  and  0.18  Ry,  and  there  is  an  increase  (by  a  factor  of 
2)  in  the  anion  p -projected  density  of  states  at  the  Fermi 
energy. 

For  the  purpose  of  analyzing  hybridization  effects  within 
the  context  of  our  procedure  for  calculating  Anderson  model 
Hamiltonian  parameters,  band-/  hybridization  in  these  com¬ 
pounds  may  be  approximately  characterized  by  two  quanti¬ 
ties  arising  from  our  band  structure  calculations:  /-state  reso¬ 
nance  widths,  characterizing  the  strength  of  hybridization, 
and  the  density  of  states  at  the  Fermi  energy,  characterizing 
the  number  and  character  of  bands  available  for 


E  (Ry) 


FIG.  2.  Calculated  partial  density  of  states  of  Celn3  corresponding  to  the 
band  structure  of  Fig.  1.  Plotted  are  the  density  of  states  for  the  Ce  rf-derived 
(solid  curve),  the  In  s -derived  (dashed  curve),  and  /^-derived  (dotted  curve) 
bands,  respectively. 
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hybridization.6,7  Calculated  results  of  the  cerium  and  anion 
muffin-tin  radius,  the  Fermi  energy,  the  cerium  4/  resonant 
energy,  the  total  and  partial  cerium  d-  and  anion  p -derived 
density  of  states  at  EF,  the  /-state  resonance  width  T,  and 
the  hybridization  potential  v(kf),  are  listed  in  Table  I,  for 
Celn3  and  CePb3 ,  respectively.  The  density  of  states  at  EF , 
N(Ef)>  are  largely  derived  from  anion  p  states  and  cerium 
5 d  states.  It  is  important  to  note  that  the  values  of  F  for  both 
Celn3  and  CePb3  are  comparable  to  that  calculated7  for  CeTe 
(r =5.7  mRy),  which  was  found  to  be  at  the  borderline  be¬ 
tween  magnetic  and  nonmagnetic  behavior  in  contrast  to  the 
almost  fully  magnetically  ordered  CeSb.  While  the  total  den¬ 
sity  of  states  available  for  hybridization  increases  on  going 
from  Celn3  to  CePb3 ,  the  resonance  width  decreases  because 
of  the  larger  Ce-anion  separation  in  CePb3 . 

The  energy  necessary  to  place  the  Ce  /-electron  in  a 
band  state  at  the  Fermi  energy,  £/-£/,  and  the  energy  re¬ 
quired  to  change  from  an  fx  configuration  to  an  / 2  configu¬ 
ration,  Ef+U—EF,  have  been  evaluated  for  both  systems. 
The  values  of  EF-Ef  and  U  are  then  obtained  from  the  /°, 
fl,  and/2 /-state  eigenvalues  by  the  use7  of  linear  transition 
theory.  We  find  that  EF—Ef  and  U  are  3.2  and  6.2  eV  in 
Celn3,  and  3.0  and  6.3  eV  in  CePb3,  respectively.  We  have 
also  calculated  the  6X6  hybridization-induced  exchange  in¬ 
teraction  matrix,  En  =  E(m,m' , Rn),7  pertinent  to  the  mag¬ 
netic  behavior  of  this  class  of  systems.  We  find  that  the 
dominant  matrix  elements  involve  the  m  —  mf  =  ±  1/2  states, 
which  correspond  to  the  piling  up  of  charge  along  the  inte¬ 
rionic  axis.  Ei,  which  in  the  phenomenological  treatment,5  is 
chosen  to  match  the  Neel  temperature,  is  about  the  same  in 
Celn3  (2.9  K)  and  in  CePb3  (3.0  K).  More  importantly,  we 
find  that  E2(E 3)  are  ferromagnetic  and  large  in  both  com¬ 
pounds,  3.1  K  (2.9  K)  in  Celn3  and  2.7  K  (2.8  K)  in  CePb3. 
As  for  the  case  of  other  cerium  systems  (CeSb,CeTe),  Cou¬ 
lomb  exchange  rather  than  hybridization  was  found10  to  be 
the  larger  contributor  to  the  highly  anisotropic  effective  two- 
ion  interaction  which  determines  the  magnetic  ordering  be¬ 


havior.  Work  currently  in  progress  is  aimed  at  the  evaluation 
of  the  Coulomb  exchange-induced  interactions  (proportional 
to  J2). 10,11  Having  determined  the  two-ion  exchange  interac¬ 
tions,  the  equilibrium  magnetic  behavior  (i.e.,  the  ordered 
moment  and  the  ordered  temperature)  of  a  given  magnetic 
structure  will  be  determined  by  treating  the  exchange  Hamil¬ 
tonian  [Eq.  (3)  in  Ref.  7]  within  mean-field  theory. 
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We  focus  on  YbCu4Ag  and  YbCu4Au  and  interpret  the  optical  conductivity,  measured  from  2  meV 
to  6  eV  at  10  and  300  K,  in  terms  of  self-consistent  electronic  structure  calculations.  Most  of  the 
relevant  spectral  structures  are  interpreted  as  interband  transitions  from  hybridized /-d  states  below 
and  at  the  Fermi  level  at  high  symmetry  points.  In  particular,  the  large  shoulder  at  about  2.4  and  2 
eV  in  the  spectrum  of  YbCu4Au  and  YbCu4Ag,  respectively,  can  be  interpreted  in  terms  of  a 
transition  r4— involving  mostly  d  states.  We  also  compare  the  electronic  structure  of  YbCu4Ag 
with  that  of  LuCu4Ag,  to  ascertain  the  influence  of  the  /  states  on  the  conduction  bands  and  carrier 
density  at  EF .  This  allows  us  to  draw  some  qualitative  considerations  on  the  /-band  hybridization 
in  these  compounds.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)26708-7] 


Ytterbium,  the  hole  counterpart  of  cerium,  is  expected  to 
form  in  several  intermetallic  compounds  with  Kondo  lattice- 
and  valence  fluctuations  properties.  This  has  in  fact  been 
found  in  some  experiments.  In  particular,  an  interesting 
group  of  ternary  compounds,  isostructural  to  cubic 
MgCu4Sn,  is  YbCu4M,  where  M=Ag,  Au,  Pd,  In.  They  have 
been  investigated  by  optical,  neutron,  Mossbauer,  photoemis¬ 
sion,  and  x-ray  spectroscopy1-6  as  well  as  by  electrical  and 
magnetic  fields7,8  also  performed  at  high-pressure  and  high 
magnetic  fields.9-11 

A  new  interest  towards  this  series  of  compounds  is 
raised  by  the  observation  of  very  different  ground  states 
reached  by  decreasing  temperature.  In  fact,  YbCu4Ag  dis¬ 
plays  a  Kondo-like  behavior  below  —100  K2,3,8  that  is  absent 
in  iso  valent  YbCu4Au.  The  latter  one,  like  YbCu4Pd,  under¬ 
goes  a  magnetic  transition  below  1  K.  Finally,  YbCu4In  ex¬ 
hibits  a  first-order  valence  phase  transition  at  T=A0  K  from 
Yb2+  to  Yb3+  with  a  sharp  volume  change.7  Interestingly,  no 
structural  distortions  have  been  detected  in  any  of  the  above 
compounds  at  the  transitions.  Therefore,  since  the  only 
ground-state  parameters  varying  through  the  series  are  the 
lattice  constant  and  the  electronic  charge,  a  clue  to  the  un¬ 
derstanding  of  all  the  phenomena  could  be  the  interplay  be¬ 
tween  volume  and  electronic  structure. 

Optical  measurements  and  electronic  band  calculations 
are  suitable  to  test  this  point.  The  goal  of  the  present  paper  is 
twofold:  one  is  the  direct  interpretation  of  the  low- 
temperature  conductivity  spectra  of  isovalent  YbCu4Ag  and 
YbCu4Au  2  The  other  is  to  relate,  at  least  qualitatively,  the 
observed  Kondo  behavior  of  the  Ag  compound  with  the  elec¬ 
tronic /-d  hybridization. 

With  these  aims  in  mind  we  have  performed  self- 
consistent  electronic  FLAPW  calculations12  within  the  LDA 
approximation  for  the  two  isovalent  compounds  as  well  as 
for  LuCu4Ag,  as  the /-full  analog  of  YbCu4Ag.  Calculations 
have  been  performed  at  the  experimental  volumes  with 
00=7.0834  A  for  YCu4Ag  and  a0=7.0519  A  for  YCu4Au. 
The  band  structure  is  displayed  in  Fig.  1.  For  the  sake  of 
comparison  we  have  labeled  the  conduction  bands  at  the  F 


point  in  Fig.  1  with  the  irreducible  representation  of  the  Td 
symmetry  in  Bethe’s  notation.  The  results  are  consistent  with 
the  main  features  observed  in  photoemission  and  x-ray  ab¬ 
sorption  in  YbCu4Ag.  A  peak  of  Yb  5  d  density  is  observed  at 
about  4  eV  above  EF  ,6  a  Cu  3  d  band  appears  at  3  eV  below 
EF  and  Yb  4/  states  seem  located  within  2  eV  below  EF.5  A 
slight  shift  seems  to  exist  for  Ag  3  d  states  which  should  be 
around  6  eV  below  EF  .5  Anyway,  no  matrix  element  analysis 
has  been  yet  performed  on  the  data. 

The  bands  of  the  two  compounds  are  quite  similar.  Dif¬ 
ferences  appear  along  the  lines  connecting  T  with  the  points 
L  and  K  for  states  at  and  above  EF  with  consequences  on  the 
optical  spectra,  as  discussed  below.  In  particular,  there  is  in 
Fig.  1(a)  an  inversion  of  the  triplet  T4  with  the  singlet 
above  EF  with  respect  to  the  same  bands  in  Fig.  1(b).  In 
particular  we  find  that  the  Tf  Au)  is  1.5  eV  lower  in  energy 


FIG.  1.  Calculated  band  structure  of  (a)  YbCu4Au  and  (b)  YbCu4Ag.  The 
zero  of  the  energy  scale  is  the  Fermi  level  EF  and  some  irreducible  repre¬ 
sentation  at  T  are  indicated  with  the  corresponding  numerical  labels  in  order 
of  decreasing  energy  from  the  top  of  each  panel.  Notice  the  different  order 
of  the  highest  states  f4  and  F x  in  the  two  compounds. 
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FIG.  2.  Optical  conductivity  of  YbCu4Au  and  YbCu4Ag  measured  at  10  K. 
The  excitations  indicated  by  the  arrows  are  discussed. 


than  rj(Ag).  Moreover,  another  singlet  is  almost  degen¬ 
erate  with  the  triplet  T4  at  EF  in  YbCu4Au  and  is  slightly 
above  it  in  YbCu4Ag. 

In  order  to  test  the  role  of  volume  as  the  possible  origin 
of  these  differences  we  have  calculated  the  bands  of 
YbCu4Au  with  the  lattice  constant  of  YbCu4Ag.  Practically 
no  changes  are  introduced  by  volume  expansion,  actually 
quite  small,  with  respect  to  Fig.  1(a).  We  are  thus  led  to  think 
that  the  differences  in  the  band  structures  of  YbCu4Ag  and 
YbCu4Au  are  due  to  purely  electronic  effects. 

From  the  analysis  of  the  wave-function  composition  it 
results  that  the  higher  singlet  is  made  mainly  of  5  states 
coming  from  Ag  (34%)  and  Au  (36%),  in  the  corresponding 
compounds.  The  doublet  T3  and  the  triplet  T4  originate  from 
d  (Yb,  Au/Ag)  and  p,d  states  (Yb,  Au/Ag,  Cu),  respectively. 
The  triplet  and  singlet  at  EF  (T4,  r2)  show  essentially  Yb  d , 
/  and  Yb  /  character,  respectively. 

From  this  analysis  it  seems  that  the  singlet  T x  does  not 
interact  with  neighboring  states  but  with  other  $  states  of 
much  lower  energy  (e.g.,  bands  bottom).  Due  to  the  much 
larger  atomic  weight  of  Au  with  respect  to  Ag  the  energy 
difference  of  the  atomic  valence  s  states  is  E6s(Au)—E5s 
(Ag)— — 1.4  eV.  This  is  of  the  same  order  of  magnitude  as  the 
energy  difference  between  the  highest  T  {  singlets  in  the  two 
compounds.  This  interpretation  is  supported  by  the  fact  that 
the  order  of  the  excited  states  in  LuCu4Ag  is  the  same  as  in 
the  YbCu4Ag. 

We  have  also  carried  out  a  symmetry  analysis  of  the 
allowed  optical  transitions  in  the  dipole  approximation,  con¬ 
sidering  as  initial  states  (i)  the  narrow  /  bands  at  =*—0.5  eV 
(Tj ,  T4,  T5,  not  shown)  in  both  compounds  and  (ii)  the  states 
at  Ef  in  Fig.  1.  In  both  cases  there  are  not  any  symmetry 
allowed  transitions  between  states  and  T3.  In  YbCu4Ag 
there  are  allowed  transitions  from  /  states  at  0.50,  2.3-2.5, 
4.2,  and  4.5  eV  (2)  and  from  the  triplet  T4,  at  EF  as  initial 
state,  at  0.16,  2,  and  4.1  eV.  In  YbCu4Au  transitions  from/ 
states  are  at  2.7-2.9  eV  (2),  3.7,  4.8-5  eV  (2),  and  from  EF 
at  2.5,  3  and  4.4  eV. 

The  optical  conductivity,  measured  at  10  K  is  shown  in 
Fig.  2.  The  results  at  300  K,  not  shown,  change  appreciably 


only  below  0.5  eV.  Many  structures  corresponding  to  inter¬ 
band  transitions  may  be  recognized  in  the  energy  range 
0.1-6  eV.  The  arrows  in  the  figure  indicate  approximately 
the  possible  transitions:  two  shoulders  at  about  0.35  and  0.7 
eV  and  three  broad  structures  at  2.2,  3.9,  and  4.6  eV  in 
YbCu4Ag  and  five  main  transitions  at  0.39,  2.4,  3.0,  4.2,  and 
5.2  eV  in  YbCu4Au.  A  very  small  bump  at  1.4  eV  in  the 
spectra  of  both  compounds  could  be  related  to  the  spin-orbit 
splitting  of  hybridized  Yb  4/  states.5  Some  small  anomalies 
around  1  eV  can  be  noticed  in  the  spectrum  of  YbCu4Ag.  All 
these  structures  seem  to  be  relatively  independent  on  the 
temperature  and  on  the  heavy  fermion  features  occurring  at 
the  lowest  energies  and  at  low  7\ 

The  most  striking  differences  among  the  two  spectra  at 
low  T,  except  for  the  first  one  of  YbCu4Ag  at  0.35  eV,  are  the 
structures  at  2  and  2.4  eV  in  YbCu4Ag  and  YbCu4Au,  re¬ 
spectively. 

Comparing  with  the  excitation  energies  deduced  from 
the  bands  in  Fig.  1  we  can  ascribe  the  broad  shoulder  at  2  eV 
(2.4)  eV  in  the  Ag(Au)  compound  to  the  transition  F4— >T3, 
which  involves  basically  d  states,  as  deduced  from  the  analy¬ 
sis  of  the  eigenvectors  at  this  symmetry  points.  From  the 
same  analysis  we  could  ascribe  the  broadening  of  the  shoul¬ 
ders  to  transitions  from  the  /  states.  We  notice  that,  accord¬ 
ing  to  our  band  calculations,  the  T4— >T3  excitation  may  be 
predicted  in  LuCu4Ag  and  it  would  be  interesting  to  check 
with  experimental  results.  Transitions  at  other  symmetry 
points  may  add  to  those  at  T.  The  agreement  we  find  is 
surprisingly  good  considering  the  uncertainties  implicit  in 
LDA  for  the  energy  of  the  excited  states.  We  may  argue  that 
for  transition  involving  relatively  close  states  of  the  same 
symmetry,  there  could  be  a  common  energy  shift  with  re¬ 
spect  to  EF  not  affecting  the  energy  of  the  transition  alto¬ 
gether. 

The  second  goal  of  this  article,  i.e.,  the  understanding  of 
the  Kondo  behavior  of  YbCu4Ag  can  be  carried  out  also  on 
the  basis  of  our  electronic  calculations.  It  is  known  that  the 
Kondo  temperature  is  directly  related  to  the  f-d  hybridiza¬ 
tion  at  Ef  ,  a  quantity  that  can  be  evaluated  in  an  approxi¬ 
mated  way  from  electronic  calculations.13  However,  it  is  also 
possible  to  have  a  crude,  qualitative  estimate  of  the  hybrid¬ 
ization  from  the  relative  weight  of  the  density  of  f,d  states  at 
Ef  .  In  fact,  if  we  roughly  assume  that,  for  a  given  value  of 
the  total  number  of  /  electrons/Yb,  nf,  the  larger  is  their 
DOS(£f)  the  weaker  the  hybridization,14  we  can  draw  some 
qualitative  conclusions  in  the  present  compounds. 

We  have  calculated  the  density  of  states  of  YbCu4Ag, 
YbCu4Au,15  and  also  LuCu4Ag,  to  have  a  reference  material 
where,  due  to  the  complete  filling  of  the  /  states,  the  f-d 
hybridization  is  certainly  negligible.  The  total  density  of 
states  of  YbCu4Ag  and  LuCu4Ag,  reported  in  Fig.  3,  shows 
the  different  /  filling:  the  /  peak  centered  at  about  -1  eV  in 
the  Yb  compound,  shifts  to  — — 5  eV  in  the  Lu  compound.  Its 
intensity  increases  with  respect  to  the  Yb  compound.  We 
have  estimated  that  the  /  bandwidth  in  the  Lu  compound  is 
an  order  of  magnitude  smaller  than  in  the  Yb  compounds. 
The  DOS  of  YbCu4Au  (not  shown)  is  quite  similar  to  that  of 
the  Ag  compound.  We  attribute  these  facts  to  the  lack  of 
hybridization  of  the  /  states  with  extended  states  (typically 
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FIG.  3.  Calculated  total  density  of  states  of  YbCu4Ag  and  LuCu4Ag. 


d ),  that  keeps  the  /  states  very  well  localized  in  energy  and 
separated  from  band  states.  Nevertheless,  the  detailed  analy¬ 
sis  of  the  partial  DOS  and  EF  gives  some  quantitative  indi¬ 
cations  on  the  different  degree  of  hybridization  in  YbCu4Ag 
and  YbCu4Au. 

In  fact,  even  if  nf  is  constant  in  the  two  compounds,  the 
/  DOS  at  EF  drops  from  11.5  states/eV  atom  in  YbCu4Au  to 
9.8  states/eV  atom  in  YbCu4Ag,  indicating  a  higher  hybrid¬ 


ization  (i.e.,  a  higher  Kondo  temperature),  in  the  latter  com¬ 
pound.  Accordingly,  the  d  component  at  EF  on  Ag  drops  by 
about  40%  with  respect  to  Au. 

In  conclusion,  the  present  theoretical  calculations  agree 
quite  well  with  the  experimental  results  and  explain  the  main 
features  of  the  optical  conductivity.  A  clearcut  answer  about 
the  nature  of  the  observed  peaks  at  2  and  2.4  eV  in  YbCu4Ag 
and  YbCu4Au,  respectively,  should  come  from  measure¬ 
ments  in  the  corresponding  Lu  compounds.  We  have  also 
given  qualitative  indications  of  the  reason  of  the  observed 
heavy  fermion  behavior  of  YbCu4Ag  in  terms  of  a  large  f-d 
hybridization.  The  smaller  hybridization  found  in  YbCu4Au 
gives  rise  to  a  Kondo  minimum  in  the  resistivity  but  this 
effect  is  overwhelmed  by  the  onset  of  intersite  magnetic 
order.8 
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Magnetic  dichroism  study  of  the  relativistic  electronic  structure 
of  perpendicularly  magnetized  Ni/Cu(001) 
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An  experimental  and  theoretical  study  of  magnetic  circular  dichroism  in  valence  band 
photoemission  from  15  monolayer  thick  fee  Ni  films  on  Cu(001)  is  presented.  A  highly  symmetric 
configuration  (light  incidence,  electron  emission,  magnetization  direction,  photon  helicity,  and 
surface  normal  all  parallel)  allows  the  illustrative  interpretation  of  the  dichroism  in  terms  of  the 
relativistic  band  structure.  Photoemission  experiments  in  the  photon  energy  range  of  11-27  eV  are 
compared  to  fully  relativistic  one-step  photoemission  calculations.  From  this  comparison,  the 
dichroic  features  can  be  directly  related  to  the  double  group  symmetry  of  the  initial  states,  which  is 
demonstrated  by  two  examples.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)26808-3] 


The  interplay  of  spin-orbit  and  exchange  interaction  in 
ferromagnets  is  of  great  interest  for  a  variety  of  effects.  Mag¬ 
netic  dichroism  in  photoemission,  which  is  the  change  of 
intensity  distribution  curves  by  reversal  of  the  magnetization 
direction,  is  exclusively  due  to  this  interplay  of  spin-orbit 
and  exchange  interaction.1  Magnetic  circular  dichroism  in 
valence-band  photoemission  (MCDAD),  therefore,  is  an  es¬ 
pecially  well- suited  method  to  study  this  interaction  in  the 
valence  states.  We  want  to  demonstrate  in  this  contribution 
that  information  on  the  relativistic  electronic  structure  is 
available  by  MCDAD  which  otherwise  would  have  been  ac¬ 
cessible  by  spin-resolved  photoemission  only. 

Thin  Ni  films  (10-56  ML),  grown  epitaxially  on 
Cu(001),  have  their  easy  axis  of  magnetization  perpendicular 
to  the  film  surface.2  They  offer  thus  the  advantage  to  study 
the  MCDAD  in  a  totally  symmetric  configuration.  Such  a 
configuration,  in  which  the  light  incidence,  electron  emis¬ 
sion,  magnetization  direction,  and  photon  helicity  are  all 
aligned  parallel  to  the  surface  normal,  allows  the  illustrative 
interpretation  of  the  observed  dichroism  in  terms  of  double¬ 
group  symmetry  of  the  initial  bands  along  the  A  axis  of  the 
relativistic  band  structure. 

We  present  an  experimental  and  theoretical  MCDAD 
study  of  the  spin-orbit  and  exchange  split  electronic  structure 
of  fcc-Ni(OOl)  films.  Fully  relativistic  one-step  photoemis¬ 
sion  calculations  were  performed.  We  show  that  from  the 
comparison  between  experiment  and  theory  it  is  possible  to 
determine  details  of  the  relativistic  band  structure  such  as 
band  dispersion  and  hybridization  between  bands  of  the 
same  double  group  symmetry. 

Ni  films  of  15  ML  thickness  were  deposited  at  room 
temperature  by  electron  bombardment  of  a  high-purity  nickel 
rod.  The  films  were  annealed  immediately  after  deposition 
for  10  min  at  450  K  in  order  to  minimize  the  film  roughness.3 
Photoemission  spectra  were  taken  at  the  Berlin  synchrotron 
radiation  facility  (BESSY),  with  ^  90%  circularly  polarized 
light.  The  overall  energetic  resolution  was  approximately 
200  meV,  the  angular  acceptance  better  than  ±2°.  The  films 
were  remanently  magnetized  perpendicular  to  the  surface 
prior  to  the  acquisition  of  the  spectra.  All  spectra  were  col¬ 
lected  at  room  temperature. 


Fully  relativistic  one-step  photoemission  calculations  of 
the  layer  Korringa-Kohn-Rostoker  (KKR)  type  were  per¬ 
formed  using  a  recently  developed  Green’s  function 
formalism.4  Details  of  the  calculation  procedure  will  be 
given  elsewhere.5  The  spectra  were  calculated  for  a  semi¬ 
infinite  Ni(001)  crystal  with  the  lateral  lattice  constant  of 
bulk  Cu,  namely,  2.55  A  (compared  to  2.49  A  for  bulk  Ni). 
The  vertical  layer  spacing  was  taken  as  1 .69  A,  which  means 
a  6%  tetragonally  compressed  fee  structure.  Such  a  structure 
is  deduced  from  our  LEED  /( V)  measurements  of  the  specu¬ 
lar  beam.  Furthermore,  we  assume  T=0  K  and  complete 
polarization  of  the  incident  light. 

In  a  highly  symmetric  arrangement  without  the  presence 
of  a  magnetic  field,  electronic  transitions  induced  by  circu¬ 
larly  polarized  light  are  governed  by  relativistic  dipole  selec¬ 
tion  rules.6  In  the  presence  of  a  perpendicular  magnetization, 
the  electronic  states  can  be  classified  due  to  four  one¬ 
dimensional  irreducible  representations  of  the  double  group, 
which  read  A6+,  A6— ,  A7+,  and  A7— .  Their  A5  spatial  parts 
can  be  labeled  A^+,  Ag— ,  A5+,  and  A5—.5  The  +/—  sign 
should  not  be  attributed  to  majority  or  minority  spin  because 
the  latter  is  not  a  “good  quantum  number”  in  the  presence  of 
spin-orbit  coupling. 

Figure  1  illustrates  the  situation.  In  the  bottom  panel,  the 
energetic  positions  of  the  four  bands  are  depicted  schemati¬ 
cally.  Transitions  from  this  states  induced  by  circularly  po¬ 
larized  light  depend  on  the  relative  orientation  of  photon  spin 
a  and  magnetization  M.  If  a  is  parallel  (antiparallel)  to  M, 
only  states  with  A5+  and  Ag—  (A5—  and  Ag+)  symmetry 
contribute  to  the  spectrum.6  In  the  center  panel  of  Fig.  1, 
schematic  intensity  distribution  curves  for  the  two  cases  are 
shown.  The  solid  (dotted)  lines  correspond  to  parallel  (anti¬ 
parallel)  alignment  of  a  and  M  [(/(TT)  and  /(jj),  respec¬ 
tively)].  The  resulting  normalized  intensity  asymmetry,  de¬ 
fined  as  A==[/(Tt)-/(U)]/[/(tT)  +  /(U)],  is  depicted  in 
the  top  panel.  It  exhibits  a  characteristic  plus/minus/plus  fea¬ 
ture,  where  the  minus  indentation  is  evoked  by  emission 
from  the  Ag+  and  A5—  bands. 

Figure  2  shows  a  series  of  intensity  spectra  for  different 
photon  energies.  Following  the  convention  of  Fig.  1,  spectra 
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FIG.  1.  Bottom:  schematic  representation  of  the  four  bands  of  A7+,  Ag+, 
Ay—,  and  A l~  symmetry  contributing  to  the  spectra  in  the  totally  symmetric 
geometry.  The  arrows  indicate  the  splitting  due  to  spin-orbit  (Aso)  and  ex¬ 
change  interaction  (AEx).  Center:  schematic  intensity  distribution  curves  for 
parallel  (solid  lines)  and  antiparallel  alignment  (dotted  lines)  of  photon  spin 
and  magnetization  direction.  Top:  normalized  asymmetry  A  of  the  spectra  of 
the  center  panel. 


for  parallel  (antiparallel)  alignment  of  cr  and  M  are  repro¬ 
duced  by  solid  (dotted)  lines.  Experimental  spectra,  normal¬ 
ized  to  the  photon  flux,  are  depicted  on  the  left-hand  side,  the 
results  of  the  calculation  on  the  right-hand  side.  The  spectra 
for  11.1  eV  photon  energy  display  relatively  sharp  peaks  just 
below  the  Fermi  energy;  with  increasing  photon  energy  a 
dispersion  towards  higher  binding  energies  and  a  broadening 
of  the  peaks  are  observed  both  in  the  experimental  and  in  the 
theoretical  spectra. 

Figure  3  displays  asymmetry  spectra,  corresponding  to 
the  intensity  spectra  of  Fig.  2.  Again,  experimental  asymme¬ 
tries  are  shown  on  the  left,  theoretical  curves  on  the  right- 
hand  side.  At  small  photon  energies,  experimental  asymme¬ 
tries  as  large  as  20%  are  observed.  In  order  to  facilitate 
comparison  with  the  experimental  data,  the  theoretical  asym¬ 
metry  curves  are  scaled  by  a  factor  of  0.2.  The  experimental 
spectra  exhibit  significantly  broader  intensity  curves  and 
lower  asymmetries  compared  to  the  calculated  ones,  which 
must  be  attributed  to  the  limited  energetic  and  angular  reso¬ 
lution,  to  possible  imperfections  in  film  morphology,  and  to 
the  background  of  inelastically  scattered  electrons  not  con¬ 
sidered  in  the  calculations.  Furthermore,  the  theoretical  spec¬ 
tra  were  calculated  for  T=0  K  and  100%  circular  polariza¬ 
tion.  A  larger  broadening  of  the  calculated  spectra  would  lead 
to  a  better  agreement  but  impedes  the  identification  of  the 
underlying  electronic  transitions.  Apart  from  the  different 
size  of  the  dichroic  asymmetry,  very  good  qualitative  agree¬ 
ment  between  experiment  and  theory  is  seen  both  in  the  in¬ 
tensity  and  in  the  asymmetry  spectra.  This  enables  us  to  cor¬ 
relate  the  experimentally  observed  features  to  the  calculated 
relativistic  band  structure. 

We  will  now  demonstrate  by  two  examples  how  this 
comparison  of  experiment  to  theory  serves  to  identify  spe¬ 
cific  details  of  the  electronic  states,  assuming  direct  inter- 


FIG.  2.  Series  of  partial  intensity  spectra  for  different  photon  energies  hv. 
Shown  are  spectra  for  parallel  (solid  lines)  and  antiparallel  alignment  (dot¬ 
ted  lines)  of  photon  spin  and  magnetization  direction.  Left:  experimental 
spectra,  right:  theoretical  spectra.  The  vertical  lines  indicate  the  occurrence 
of  a  hybridization  region  as  explained  in  the  text. 


band  transitions.  Figure  4  shows  the  relativistic  band  struc¬ 
ture  of  Ni  along  the  A  axis,  calculated  with  the  same 
parameters  as  the  photoemission  spectra.  The  bands  are  re¬ 
produced  with  differently  dashed  and  dotted  lines  according 
to  their  double  group  symmetry,  as  labeled  in  the  figure. 

Let  us  now  as  the  first  example  consider  the  dispersion 
of  the  four  bands  with  A5  spatial  symmetry  which  were  used 
for  the  schematic  illustration  of  Fig.  1 .  In  Fig.  4  these  bands 
are  marked  by  four  arrows  at  both  sides  of  the  panel.  Starting 
at  the  T  point  at  binding  energies  between  1.5  and  1.9  eV, 
these  bands  jointly  disperse  upwards,  interrupted  by  hybrid¬ 
ization  with  other  bands,  to  reach  the  X  point  at  energies 
between  0.15  eV  below  and  0.3  eV  above  the  Fermi  energy. 
In  the  experiment  a  photon  energy  of  11  eV  corresponds  to 
transitions  near  the  X  point,  whereas  27  eV  corresponds  to 
transitions  near  the  T  point.  Comparing  experimental  spectra 
to  the  calculated  band  structure,  off-axis  contributions  due  to 
the  experimental  angular  resolution  have  principally  to  be 
considered  and  may  contribute  to  the  linewidth  of  the  spec¬ 
tra.  At  ±2°,  however,  these  effects  are  small  and  affect 
mainly  the  relative  peak  heights.7  Because  of  the  broadening 
of  the  spectra  at  higher  photon  energies,  it  is  difficult  to 
obtain  the  dispersion  of  the  A5  bands  from  intensity  spectra 
alone.  As  we  see  from  Fig.  1,  the  pronounced  minus  feature 
in  the  asymmetry  curves  is  correlated  to  the  energetic  posi- 
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FIG.  3.  Series  of  asymmetry  spectra  for  different  photon  energies  hv ,  cal- 
culated  from  the  corresponding  spectra  of  Fig.  2.  Left:  experimental  asym¬ 
metries,  right:  theoretical  asymmetries.  The  vertical  dotted  lines  mark  the 
dispersion  of  the  prominent  minus  peak. 


lions  of  the  A^+  and  A7-  bands.  The  dispersion  of  this 
minus  peak,  marked  by  vertical  dotted  lines  in  Fig.  3,  indi¬ 
cates  the  dispersion  of  the  A5  bands. 

As  a  second  example  we  will  consider  the  hybridization 
of  A7+  bands  around  0.5  eV  binding  energy  at  about  the 
middle  of  the  A  axis.  This  hybridization  is  caused  by  an 
avoided  crossing  between  a  band  of  A 7+  symmetry,  which  is 
recognized  in  Fig.  4  by  a  weak  dispersion,  and  a  band  of 
A7+  symmetry  with  a  steeper  dispersion.  As  a  consequence 
of  the  avoided  crossing,  the  bands  interchange  their  symme¬ 
try  character  in  the  hybridization  region  and  contain  both  a 
mixture  of  A7+  and  A7+  symmetry.  This  can  be  seen  in  the 
intensity  spectra  for  crt|M  (solid  lines  in  Fig.  2).  As  already 
mentioned,  only  bands  which  contain  A5  single  group  sym¬ 
metry  character  contribute  to  the  spectra.  This  means  that  the 
hybridization  is  observed  as  an  energetic  displacement  of  the 
corresponding  peak  towards  higher  binding  energy  with  in¬ 
creasing  photon  energy.  The  vertical  lines  in  Fig.  2  indicate 
the  region  of  hybridization  in  the  photoemission  spectra. 


FIG.  4.  Relativistic  band  structure  of  Ni  along  the  A  axis,  calculated  with 
the  same  parameters  as  the  photoemission  spectra.  Bands  with  A7+,  A6+, 
A7— ,  and  A6—  double  group  symmetry  are  distinguished  as  labeled  in  the 
figure.  The  arrows  indicate  bands  of  A5  orbital  symmetry. 

They  mark  the  positions  of  bands  containing  A7+  symmetry, 
and  fade  out  into  dotted  lines  where  the  A7+  symmetry  char¬ 
acter  in  these  bands  predominates.  In  the  calculated  spectra 
(right-hand  side  of  Fig.  2),  both  of  the  hybridizing  bands  can 
be  distinguished  as  separate  peaks  in  the  solid  line  spectra.  In 
the  experimental  spectra  (left-hand  side  of  Fig.  2),  the  hy¬ 
bridization  shows  up  as  energetic  shift  of  the  intensity  weight 
of  the  peak  for  between  19.1  and  21.1  eV.  Whereas  at 
19.1  eV  the  peak  is  asymmetrically  shaped  with  higher 
weight  at  the  low  binding  energy  side,  at  21.1  eV  the  weight 
is  shifted  to  the  side  with  higher  binding  energy. 

Both  examples  demonstrate  how  the  relativistic  band 
structure  can  be  correlated  to  MCDAD  spectra.  It  has  been 
shown  how  from  the  comparison  to  fully  relativistic  calcula¬ 
tions  even  fine  details  of  the  band  structure  can  be  resolved. 
This  demonstrates  the  capability  of  magnetic  circular  dichro- 
ism  in  valence-band  photoemission  for  the  investigation  of 
the  exchange  and  spin-orbit  split  relativistic  band  structure  of 
ferromagnets. 
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The  first-principles  spin-polarized  discrete  variational  method  in  the  framework  of  density 
functional  theory  was  employed  to  investigate  the  electronic  and  magnetic  structure  of  fee  (y)  Fe 
and  of  y-Fe  particles  in  copper,  represented  by  62-atom  embedded  clusters  of  cubic  geometry.  The 
influence  of  A1  substitutional  impurities  in  y-Fe  and  in  the  Fe  particle  in  Cu  was  also  investigated. 
Magnetic  moments  and  hyperfine  fields  were  obtained.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)26908-X] 


I.  INTRODUCTION 

Pure  fee  (or  y)  iron  cannot  be  found  at  room  tempera¬ 
ture,  only  between  1183  and  1667  K;  however,  it  may  be 
stabilized  at  low  temperatures  as  small  coherent  precipitates 
in  copper  or  copper  alloy  matrices,  or  as  thin  epitaxial  films 
on  Cu  or  Cu-based  alloy  substrates.1,2  Thus  the  magnetic  and 
hyperfine  properties  of  fee  Fe  may  be  investigated  experi¬ 
mentally.  Band  structure  calculations3,4  have  demonstrated 
the  existence  of  multiple  magnetic  states,  the  stability  of 
which  depends  on  the  lattice  constant.  This  may  be  varied 
experimentally  by  using  pressure  or  bulkier  atoms  in  the  Cu 
alloys  of  the  matrix  or  substrate,  such  as  A1  or  Au.2 

We  report  first-principles  embedded-cluster  electronic 
structure  calculations  for  pure  fee  Fe  and  for  a  coherent  Fe 
particle  in  fee  copper.  Magnetic  moments,  spin  density  dis¬ 
tributions,  and  magnetic  hyperfine  fields  were  obtained.  The 
influence  of  an  A1  substitutional  impurity  in  y-Fe  and  in  the 
Fe  particle  in  Cu  was  also  assessed. 

II.  THEORETICAL  METHOD 

y-Fe  was  represented  by  a  62- atom  cubic  cluster  embed¬ 
ded  in  the  charge  densities  of  several  shells  of  neighboring 
atoms  in  the  crystal.  Several  lattice  constants  were  consid¬ 
ered,  varying  from  a— 3.38  to  3.77  A.  For  smaller  values,  an 
antiferromagnetic  (AFM)  phase  consisting  of  alternating  lay¬ 
ers  of  up  and  down  spins  normal  to  the  (001)  direction  was 
considered.  An  AFM  spin  state  is  found  to  be  more  stable  at 
smaller  lattice  constants.2  For  larger  interatomic  distances  we 
studied  a  ferromagnetic  (FM)  phase. 

A  coherent  y-Fe  particle  in  Cu  was  represented  by  a 
62-atom  cubic  cluster,  with  the  14  innermost  atoms  repre¬ 
senting  the  Fe  particle  and  the  48  outer  atoms  being  copper 
(Fei4Cu48,  see  Fig.  1).  In  the  case  of  A1  substitution,  two  Fe 
atoms  of  the  particle  were  substituted  for  Al,  forming  the 
cluster  Fe12Al2Cu48.  The  influence  of  Al  in  pure  y-Fe  was 
also  explored,  with  calculations  for  the  clusters  Fe60Al2 .  The 
spin-polarized  self-consistent  numerical  discrete  variational 
method,5,6  in  the  framework  of  density  functional  theory,  was 
employed.  The  local  exchange-correlation  potential,  which  is 
a  functional  of  the  electron  density  pa  for  each  spin  tr,  was 
that  of  von  Barth  and  Hedin/  A  mixed  numerical  three- 
dimensional  grid  of  sampling  points  was  employed,  consist¬ 


ing  of  a  random  Diophantine  mesh  in  the  interatomic  region 
and  a  precise  polynomial  grid  within  a  sphere  of  ~2  a.u. 
around  the  atoms  where  the  local  properties  are  calculated.  A 
total  of  ~24  000  points  was  employed  for  each  cluster.  The 
magnetic  moments  are  defined  as  the  integral  of  the  spin 
density  pj(r)  — pj(r)  within  the  Wigner-Seitz  sphere  of  the 
atom.  A  multipolar  expansion  of  the  charge  and  spin  density, 
centered  at  the  nuclei  of  the  cluster  atoms,  is  considered  to 
construct  the  model  potential  employed,  in  which  only 
spherical  terms  were  retained.  The  model  density  is  fitted  to 
the  true  (eigenvector)  density  by  a  least-squares  minimiza¬ 
tion  procedure.  In  determining  local  properties,  such  as  local 
densities  of  states  (DOS),  magnetic  moments,  and  hyperfine 
fields,  the  innermost  atoms  of  the  clusters  are  considered, 
since  they  best  represent  the  situation  in  the  bulk. 

III.  RESULTS  AND  CONCLUSIONS 

For  AFM  and  FM  y-Fe,  the  magnetic  moments  p,  in¬ 
crease  as  the  lattice  constant  is  increased.  The  values  ob¬ 
tained  are  not  far  from  those  computed  by  full-potential  band 
structure  calculations.4 


FIG.  1.  Schematic  of  variational  cluster,  for  the  Fe  particle  in  copper 
(Fel4Cu48). 


J.  Appl.  Phys.  79  (8),  15  April  1996 


0021  -8979/96/79(8)/6429/3/$1 0.00 


©  1996  American  Institute  of  Physics  6429 


-12  -8  -4  0  4  8 


(a)  Energy  (eV) 


10 1 


(b)  Energy  (eV) 


FIG.  2.  (a)  Valence  (3d  +  4s  +  4p)  spin  density  of  states  (DOS  f  minus 
DOS  l)  for  ferromagnetic  configuration  of  fee  Fe.  (b)  Valence  (3d  +  4s 
+  4 p)  spin  density  of  states  for  antiferromagnetic  configuration  of  fee  Fe. 


Experimental  measurements  by  Mossbauer  spectroscopy 
show  a  large  gap  between  the  values  of  the  hyperfine  fields 
HF  for  AFM  y-Fe,  at  smaller  lattice  constants,  and  FM  y-Fe, 
at  larger  lattice  constants.  For  the  latter,  the  magnitude  of  HF 
is  much  larger.  However,  the  calculated  values  of  /x  for  both 
phases  do  not  seem  to  justify  this  large  discrepancy.  In  fact, 
it  was  found  that  the  large  difference  observed  experimen¬ 
tally  in  the  magnitude  of  the  hyperfine  fields  of  AFM  and  FM 
y-Fe  originates  mainly  from  the  different  sign  of  the  conduc¬ 
tion  electrons  contribution  in  both  phases.  For  FM  y-Fe,  the 
conduction  electrons  contribution  is  negative,  and  adds  to  the 
negative  core  contribution,  resulting  in  hyperfine  fields  of 
large  magnitude.  For  AFM,  the  conduction  electrons  contri¬ 
bution  is  positive,  thus  cancelling  part  of  the  negative  core 
contribution  and  resulting  in  hyperfine  fields  of  small 
magnitude.8  In  Figs.  2(a)  and  2(b)  are  shown  the  valence 
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FIG.  3.  (a)  Spin  density  contour  map,  plotted  on  the  (x,y)  plane  for  the 
ferromagnetic  y-Fe  particle  in  Cu.  Contours  range  from  —0.01  to  +0.01 
e/a.u.3  with  intervals  of  0.001.  Full  lines  are  positive  values,  (b)  Spin  density 
contour  map,  plotted  on  the  (x,y)  plane  for  the  antiferromagnetic  y-Fe 
particle  in  Cu.  Contours  range  from  —0.01  to  +0.01  e/a.u.3  with  intervals  of 
0.001.  Full  lines  are  positive  values. 

( 3d  +  4s  +  4p )  spin  DOS  (spin  t  DOS  minus  spin  |  DOS) 
for  FM  and  AFM  fee  Fe,  respectively.  A  larger  number  of 
occupied  spin  down  states  near  the  Fermi  level  for  AFM 
results  in  smaller  values  of  /x  than  for  FM.  Oscillations  at  the 
bottom  of  the  band  for  both  cases  are  mainly  due  to  polar¬ 
ization  of  the  4s  states. 

Both  FM  (Fe14TCu48)  and  AFM  (Fe4TFe10jCu48)  y-Fe 
particles  in  copper  were  considered,  at  interatomic  distances 
typical  of  the  two  magnetic  phases.  In  the  case  of  the  AFM 
particle,  four  spin  j  Fe  atoms  are  on  the  (x,y)  plane,  with 
five  spin  |  atoms  on  the  layers  above  and  below  (see  Fig.  1). 
The  self-consistent  calculations  revealed  that  the  3  d  orbitals 
of  copper  tend  to  polarize  parallel  to  the  Fe  3d  in  both  cases. 
As  an  example,  we  show  in  Figs.  3(a)  and  3(b)  the  spin 
density  plotted  on  the  ( x,y )  plane  (see  Fig.  1)  for  the  FM  and 
AFM  y-Fe  particles  in  Cu,  respectively.  For  FM,  we  see  the 
compact  3d  spin  density  on  the  Cu  atoms  aligned  parallel  to 
the  moments  on  Fe.  Dotted  lines  in  Fig.  3(a)  represent  the 
spin  density  of  the  ( 4s,4p )  conduction  electrons  which  is 
negative  in  both  Fe  and  Cu.  For  the  AFM  particle  [Fig.  3(b)], 
the  3d  moments  on  the  Cu  atoms  are  parallel  to  the  negative 
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TABLE  I.  Magnetic  moments  (in  /uB )  and  hyperfine  fields  HF  (in  kG)  of 
y-Fe,  y-Fe  in  Cu,  y-Fe  with  two  A1  atoms  as  first  neighbors  and  the  y-Fe 
particle  in  Cu  with  two  A1  neighbors  (FM  only).  Conduction-electron  con¬ 
tribution  tfcond  and  core  contribution  HC0K  to  HF  are  given  separately.  Values 
given  are  for  AFM  and  FM  states,  at  typical  interatomic  distances. 


Cluster 

V 

^cond  ffC0T& 

Hm=HF 

AFM 

yFe 

Fe36TFe26i 

1.50 

+44  -157 

-113 

y-Fe+2Al 

Fe36TFe241Al2 

1.61 

+35  -171 

-136 

r=2.63  a.u. 

y-Fe  in  Cu 

(Fe4|Fe10j)Cu48 

1.34 

+  86  -130 

-44 

FM 

T^Fe 

Fe62t 

2.44 

-59  -288 

-347 

y-Fe+2Al 

FesoiAIt 

2.29 

-60  -268 

-328 

r—2.12  a.u. 

y-Fe  in  Cu 

(Fe|4I)Cu48 

2.54 

-23  -296 

-319 

y-Fe  in 
Cu+2A1 

(Fe,2TAl2)Cu48 

2.39 

-23  -275 

-298 

moments  on  the  Fe  atoms  of  the  particle  in  the  layers  above 
and  below,  since  these  are  the  majority.  This  result  is  entirely 
in  agreement  with  recent  measurements  with  magnetic  circu¬ 
lar  x-ray  dicroism  at  the  K  edge  of  copper  for  Co/Cu  and 
Fe/Cu  multilayers,  which  show  that  the  3d  electrons  of  Cu 
are  polarized  parallel  to  the  3d  moments  of  Fe,  whereas  the 
4 p  of  Cu  are  antiparallel.9 

Finally,  the  influence  of  substitutional  A1  in  y-Fe  and  in 
the  Fe  particle  in  Cu  was  also  explored.  The  results  of  the 
self-consistent  calculations  revealed  that  the  presence  of  A1 
substituting  for  Fe  disrupts  the  AFM  spin  arrangement:  for 
the  AFM  y-Fe  particle  in  copper,  the  presence  of  two  A1 
atoms  resulted  in  nonconvergence  for  the  self-consistent  po¬ 
tential  (after  iteration,  the  FM  state  resulted),  indicative  of 
the  instability  of  that  state.  In  pure  AFM  y-Fe  the  two  A1 
impurities  caused  a  tendency  to  local  ferromagnetic  arrange¬ 
ment.  Details  of  these  calculations  will  be  given  in  a  forth¬ 
coming  publication.10 


In  Table  I  are  given  values  of  the  Fe  magnetic  moment  /z 
and  hyperfine  field  HF  for  y-Fe,  y-Fe  in  Cu,  pure  y-Fe  with 
A1  neighbors  and  the  y-Fe  particle  in  Cu  with  A1  neighbors 
(FM  only).  It  may  be  seen  in  this  table  that  the  sign  of  the 
conduction-electrons  contribution  is  positive  for  the  AFM 
state  and  negative  for  FM  in  all  cases.  The  significant  influ¬ 
ence  of  the  Cu  matrix  and  of  A1  neighbors  in  fi  and  HF  may 
be  also  seen. 
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We  report  on  recent  inelastic  neutron  scattering  measurements  of  the  magnetic  response  close  to  the 
metal-insulator  transition  in  La2  _xSr^Ti03 .  Specific  heat  and  susceptibility  data  from  Tokura  et  al 1 
give  evidence  for  a  divergent  effective  mass  at  the  critical  concentration  xc  —  0.05  in  agreement  with 
recent  mean-field  theories  of  the  transition.  The  mass  enhancement  is  believed  to  arise  from  the 
formation  of  a  d-electron  resonance  at  the  Fermi  energy  close  to  the  transition.  The  aim  of  this 
investigation  is  to  look  for  evidence  of  this  resonance  in  the  dynamic  magnetic  susceptibility.  We 
studied  samples  with  x-0 ,  0.05,  and  0.2  using  incident  energies  between  25  and  200  meV.  After 
correction  for  the  phonon  scattering,  we  observe  a  broad  response  above  a  threshold  of  20-30  meV 
extending  to  over  100  meV.  In  addition,  the  Mott  insulating  antiferromagnet  (*  =  0)  has  a  peak  at 
40  meV,  consistent  with  the  estimated  activation  energy  derived  from  resistivity  measurements.  This 
feature  becomes  washed  out  with  temperature  and  doping.  Possible  origins  for  this  peak  are 
discussed.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)44908-6] 
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We  raise  and  discuss  the  following  question.  Why  does  the  spectrum  for  the  three-band  model  of 
Hybertson,  Stechel,  Schluter,  and  Jennison,  claimed  not  to  be  approachable  by  perturbation  theory 
because  of  rather  large  hopping  integrals  compared  to  site  energy  differences,  follow  precisely  what 
would  be  expected  by  low-order  perturbation  theory?  The  latter  is,  for  the  insulating  case,  that  the 
low-lying  levels  are  describable  by  a  Heisenberg  Hamiltonian  with  nearest-neighbor  interactions 
plus  much  smaller  next-nearest-neighbor  interactions  and  n-spin  terms,  4.  We  first  check 
whether  perturbation  theory  actually  does  not  converge,  treating  the  hopping  and  p-d  exchange 
terms  as  perturbations.  For  the  crystal,  we  find  that  the  first  three  terms  contributing  to  the 
nearest-neighbor  exchange  coupling  J  (which  are  of  third,  fourth,  and  fifth  order)  increase  in 
magnitude,  and  are  not  of  the  same  sign,  i.e.,  there  is  no  sign  of  convergence  to  this  order.  We  also 
consider  the  small  cluster,  Cu207,  for  which  we  have  carried  out  the  perturbation  series  to  14th 
order;  there  is  still  no  sign  of  convergence.  Thus  the  nonconvergence  of  this  straightforward 
perturbation  theory  is  convincingly  established.  Yet  the  apparent  perturbative  nature  of  the  spectrum 
suggests  the  existence  of  some  perturbation  theory  that  does  converge.  The  possibility  of  a  particular 
transformation  of  the  Hamiltonian  leading  to  a  convergent  perturbation  series,  thereby  answering  the 
above  question,  is  discussed.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)27008-4] 


I.  INTRODUCTION 

Hybertson,  Stechel,  Schluter,  and  Jennison1  (HSSJ)  di¬ 
agonalized  the  three-band  Hubbard  model  for  finite  clusters 
(on  a  Cu02  plane)  using  parameter  values  determined 
previously2  for  La2Cu04  by  a  constrained  local  density  ap¬ 
proximation.  These  values  are  in  essential  agreement  with 
those  found  by  others,3,4  one  of  which  used  a  different  ap¬ 
proach;  this  is  a  reason  these  values  are  considered  to  be 
realistic.  Because  the  hopping  parameters  are  not  very  small 
compared  to  on-site  energy  differences,  particularly  epd ,  it 
was  claimed2  that  usual  low-order  perturbation  theory  is  not 
appropriate  for  the  model.  We  were  therefore  puzzled  by  the 
resulting  spectrum,  which  follows  precisely  what  is  expected 
on  the  basis  of  low-order  perturbation  theory. 

In  particular  for  the  cluster  Cu5016  with  five  holes,  the 
low-lying  energies  were  shown1  to  agree  with  the  Heisenberg 
model  (for  the  five  Cu  spins)  with  antiferromagnetic  nn  (nnn) 
exchange  parameters  7=128  (7' =3)  meV.  And  these  levels 
were  separated  from  the  higher  ones  by  an  appreciable  gap. 
The  puzzling  aspects  of  these  results  are  the  smallness  of 
777,  the  apparent  negligibility  of  four- spin  terms  in  the  spin 
Hamiltonian,  and  the  separation  of  the  low-lying  levels  from 
the  higher  ones,  since  these  are  just  the  properties  expected 
from  the  usual  perturbation  theory  if  it  is  rapidly  converging 
at  low  orders. 

The  first  step  we  have  taken  in  trying  to  sort  out  this 
matter  is  to  check  the  statement  that  usual  perturbation 
theory  is  not  expected  to  be  appropriate.  In  fact  we  go  further 
and  consider  the  possibility  that  convergence  does  not  appear 
until  fairly  high  order,  so  that  four-spin  terms,  which  come  in 
rather  high  order,  might  be  small.  Our  results  indicate 
strongly  that  the  usual  perturbation  theory  (the  hopping  and 
exchange  terms  are  the  perturbation)  is  not  convergent  at  all, 


and  the  consideration  of  a  few  orders  is  useless.  Discussion 
of  these  results  constitutes  the  main  body  of  this  paper.  We 
also  indicate  that  a  particular  change  of  one-electron  basis,  to 
what  Anderson5  termed  the  exact  localized  functions,  which 
were  actually  defined  appropriately  by  others,6  might  lead  to 
a  rapidly  converging  perturbation  theory. 

II.  HAMILTONIAN  AND  PERTURBATION  THEORY 

Because  of  ambiguities  in  previous  presentations,  we 
write  the  Hamiltonian  explicitly: 

H  =  H^Hu+Hk,  (1) 

where 


H1  =  e'2lnf+tpd'2  (4+cU h.c.) 


<U),o- 


+  tpp  2  h.c.). 


(la) 


</,/'),  O' 


Hu—Ud^j  “b Up^i  U pd^Li  ninPi  >  (lb) 


(ii) 


and 


<U> 


HK=KpdE  + 


<W'> 


KppE  xnplnpl,  +  2?r?v 


(lc) 


creates  a  hole  in  a  Wannier  function  at  site  i  of  type  v, 
n^=c^cl,  ^=(l/2)(niT-nu), 
whose  adjoint  is  the  spin  lowering  operator  st  .  The  orbital  at 
a  copper  site  is  dxi-yi\  at  each  oxygen  site  there  is  one  p 
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orbital,  of  sigma-bonding  character.  The  parameter  values 
are7  6=3.6,  ^=-1.3,  ^  =  -0.65,  £/rf=10.5,  U  p  —  4, 
Upd=l.2,  Kpd—- 0.18,  /$^  =  -0.04,  all  in  eV.  [The  signs 
correspond  to  orbital  phases  chosen  as  follows:  if  dx i-y2 
exists  at  a  particular  Cu,  then  at  the  O’s  immediately  to  its 
right  and  left  (along  the  x  axis)  the  orbitals  are  px  and  —px , 
respectively;  similarly,  the  orbitals  at  the  nearest  O’s  below 
and  above  ar q  py  and  -py9  respectively.  The  remaining 
phases  are  determined  by  having  the  nearest  neighbor  d-p 
overlap  always  negative.] 

We  choose  as  the  perturbation  V  the  sum  of  the  hopping 
(0  terms  and  the  exchange  (K)  terms,  the  unperturbed 
Hamiltonian  H0  being  H-  V.  The  unperturbed  ground  state  is 
then  characterized  by  nf  = 0,  nf—  1,  its  energy  is  0  and  its 
degeneracy  is  2N,  where  N  is  the  number  of  d  sites.  We 
define  P  as  the  projection  operator  on  to  this  unperturbed 
ground  state  manifold,  with  Q=  1  —  P.  Let  be  an  eigen¬ 
state  of  H  with  eigenvalue  E.  Then  the  effective 
Hamiltonian8  operating  on  Pty  can  be  shown  to  equal  EP <4r, 

_ _ I 


A  =  4 


a?a4  +  a8a5  t  a\a2aa  t  a*a3a5  "  a]a2a 


■  + 


16 


+ ' 


12  42 


A\A26  AytpdKpd+  A]A\  lPd^PP^  At  lpdJVpd 


tZjKnn+  —a  tn/1Kn/j+ 


an  equation  called  the  projected  Schrodinger  equation.  Con¬ 
sidering  that  the  unperturbed  ground  state  energy  EQ  is  zero, 
so  that  E  is  the  change  in  energy,  this  projected  Schrodinger 
equation  can  be  expanded  in  the  form9 

P{VG0V+VG0VG0V+  VG0VG0VG0V-(VG20V) 


X(VG0V)  +  ---}Py  =  EP'¥,  (2) 

where  G0=[Q(E0- H0)Q] Lowdin’s  inverse  of  the 
comer,8  assumed  to  exist,  and  ( A)(B )  means  APB. 

Using  Eq.  (2),  we  calculated  the  exchange  couplings  for 
two  cases.  One  is  the  infinite  crystal;  here  we  found  the  three 
leading  contributions  for  the  nn  coupling  to  be 
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(The  exchange  coupling  constant  J=J3+J4  +  J5-\ —  .) 
Here, 

Ai  =  e+Upd,  A2=6+2  Upd,  A3  =  2  e+Upd+Uppt 

A4=  Ud,  A5  =  2  e+Up, 

A6  =  2e+2Upd+  Uppj  A7  =  2  e+Upd. 

(We  have  added  nn  p-p  repulsion,  Upp.)  The  numerical  val¬ 
ues  of  J3J4,J5  are  -0.053,  0.107,  0.231  eV,  respectively. 
The  negative  value  indicates  a  ferromagnetic  contribution. 
Clearly  these  do  not  show  an  indication  of  convergence. 

The  other  case  is  the  small  cluster  Cu207  with  two  holes, 
considered  also  in  HSSJ.  In  this  case  there  are  just  singlets 
and  triplets,  the  lowest  singlet-triplet  splitting  being  given  by 
J .  Equation  (2)  in  the  space  defined  by  zero  total  z  compo¬ 
nent  of  spin  is  a  2X2  matrix  equation.  Here  we  calculated  up 
to  14th  order,  the  contributions  Jn  to  J  obtained  being,  for 
n  —  3,4, .  . .  ,14, 

-.053,  .107,  .238,  .065  ,  -.267, 

-.272,  .153,  .430,  .077,  -.474,  -.375,  .349. 

(4) 

Obviously  there  is  absolutely  no  sign  of  convergence.  As  a 
check  in  this  small  cluster  case,  we  replaced  V  by  XV  and 
took  X  small  enough  to  obtain  convergence,  comparing  the 
result  with  the  exact  value  (found  by  directly  diagonalizing 
H). 


I  “ 

III.  DISCUSSION 

The  above  considerations  having  given  rather  convinc¬ 
ing  evidence  that  the  (standard)  perturbation  approach  used 
is  simply  not  convergent,  we  are  left  with  our  original  ques¬ 
tion,  why  then  do  the  results  of  exact  calculation  show  the 
properties  expected  from  perturbation  theory?  The  following 
possibility  seems  promising.  The  Hamiltonian  (1)  is  written 
in  terms  of  field  operators  ct  for  some  set  of  Wannier  func¬ 
tions,  w i .  These  have  been  assumed  real  and  to  have  certain 
symmetry  under  point  group  and  translation  operations.  But 
such  functions  are  not  unique;  i.e.,  there  are  real  linear  or¬ 
thogonal  transformations  of  these  functions  which  preserve 
this  symmetry  property.  In  trying  to  provide  a  realization  of 
Anderson’s  concept5  of  “exact  localized  or  Wannier  func¬ 
tions,”  a  simple  model  of  a  small  cluster  and  of  a  linear  chain 
(which  can  be  considered  as  Cu-O-Cu  with  two  holes  and  an 
infinite  Cu-O-Cu-O  chain  with  one  hole  per  Cu)  were 
studied.6  There  the  general  two-band  model  was  treated.  In 
perturbation  theory  based  on  arbitrary  Wannier  functions, 
there  are  contributions  to  J  of  fourth  order  in  the  d-p  overlap 
from  first  through  fourth  order  in  formal  perturbation  theory. 
It  was  shown  that  in  a  perturbation  expansion  based  on  the 
nonmagnetic  localized  solutions  of  the  thermal  single  deter¬ 
minant  approximation  (TSDA),10  the  convergence  through 
fourth-order  perturbation  theory  is  dramatically  improved. 
Higher-order  studies  were  not  carried  out  since  the  materials 
of  interest  at  that  time,  e.g.,  NiO  and  KNiF3,  are  highly  ionic 
and  the  perturbation  expansions  were  expected  to  converge 
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rapidly.  Clearly  that  approach  might  be  very  useful  in  the 
present  case  of  the  cuprates  where  the  degree  of  covalence  is 
so  high  that  the  perturbation  theory  is  nonconvergent.  We 
have  made  some  preliminary  calculations  along  these  lines 
for  very  small  clusters.  In  particular  we  were  able  to  convert 
the  nonconvergent  series  (4)  to  a  convergent  series  (converg¬ 
ing  to  the  exact  value  of  J).  These  ideas  will  be  submitted  for 
publication  elsewhere.11 

We  note  that  if  there  is  a  rapidly  convergent  perturbation 
approach  for  the  present  problem  with  its  presumably  realis¬ 
tic  parameter  values,  there  is  an  implication  that  precise  ab 
initio  quantum  chemical  calculations  for  the  solid  as  a  whole 
might  be  possible.12 

We  add  that  after  the  present  work  was  completed,  we 
became  aware  of  some  literature  that  is  quite  relevant, 
namely,  Refs.  13  and  14.  The  approaches  of  these  two  groups 
(Refs.  13  and  14)  are  very  similar  to  each  other,  and  are  in 
the  spirit  of  our  attempts  to  find  a  convergent  series.  But  their 
approach  is  different  from  ours.  The  relationship  between  the 
approaches  is  presently  under  study,  and  will  be  discussed 
elsewhere.11 
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Magnetic  measurements  on  Cd^xC^Te  and  Zn^xCrxTe 
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We  have  investigated  the  magnetic  properties  of  single-crystal  Cd^C^Te  an(j  Zn^Cr^Te 
samples.  The  magnetization  is  anisotropic  (—7%  for  Zn^Cr^Te  and  —0.4%  for  Cd^Cr/Te)  with 
the  (111)  direction  having  the  greatest  value.  We  have  found  that  the  magnetic  behavior  in  fields  up 
to  6  T  and  temperatures  between  1.5  and  324  K  for  both  systems  is  well  described  by  a  theoretical 
model  with  crystal  field,  Jahn-Teller,  spin-orbit,  and  spin-spin  terms  including  ligand  field 
corrections  to  the  spin-orbit  and  spin-spin  parameters.  Good  agreement  was  found  between  the 
experimental  results  and  the  theoretical  calculations  for  a  Jahn-Teller  splitting  of  370  and  320  cm-1 
and  effective  spin-orbit  parameters  of  -49.9  and  -59.4  cm-1  for  Cd^C^Te  and  Zn^Cr^Te, 
respectively.  The  key  feature  is  an  orbital  singlet,  S= 2  ground  state  with  a  small  splitting  (1.5  K  for 
Cdj.^Cr^Te  and  12.4  K  for  Zn^Cr^Te)  of  the  ms  states.  ©  1996  American  Institute  of  Physics. 
[S002 1  -8979(96)27 108-0] 


I.  INTRODUCTION 

The  class  of  II- VI  diluted  magnetic  semiconductors 
(DMS)1  include  the  systems  of  the  form  Al*_xMxBvl,  where 
M  is  a  transition  metal  ion  (e.g.,  Mn,  Fe,  Co,  or  Cr)  and 
AllBwl  is  a  II- VI  semiconductor  host.  Over  the  past  two 
decades,  much  work  has  been  done  on  the  magnetic  behavior 
of  Mn,1  Fe,2,3  and  Co4-6  based  systems.  Early  work  on  low 
concentration  Cr-based  II- VI  semiconductor  crystals  include 
optical  absorption,7-10  luminescence,11  and  electron  para¬ 
magnetic  resonance12  (EPR)  experiments.  Recently,  interest 
in  the  chromium  based  systems  has  reemerged  resulting  in 
the  publication  of  several  theoretical13-17  and 
experimental18-21  papers  including  magnetization  measure¬ 
ments  for  Zn^Cr^Te18  and  Zn^xCr^Se. 17,19,20  What  makes 
these  systems  interesting  is  the  presence  of  a  static  Jahn- 
Teller  distortion  as  well  as  the  observation  of  a  ferromagnetic 
p-d  coupling  in  Zn^^Cr^Se. 17,21 

Cd^QxTe  is  unique  among  the  chromium-based  DMS 
because  of  its  small  splitting  of  the  ground  multiples  Early 
work  reported  a  value  of  D  =  +0.260±0.004  cm-1  (=0.374 
K)  for  Cd^Cr^Te  which  was  obtained  from  EPR 
measurements.12  This  value  of  D  is  approximately  an  order 
of  magnitude  below  the  other  chromium-based  DMS  which 
all  have  a  magnitude  for  D  within  a  factor  of  1.4  of  each 
other  ranging  from  2.6  K  in  Cd^^Cr^S  to  3.6  K  in 
Zn^xCr^Se.12  It  has  been  proposed  previously  that  the  trend 
in  D  in  Zn^^Cr^S,  Zn^xCr^Se,  and  Zn^Crj/Te  could  be 
accounted  for  with  a  model  including  ligand  field  corrections 
to  the  spin-orbit  and  spin-spin  parameters. 

In  this  article  we  present  magnetization  measurements 
taken  on  bulk  Cd^C^Te  and  Zn^x^Te  crystals.  Using 
the  model  Hamiltonian  discussed  previously,10,18  we  numeri¬ 
cally  diagonalized  the  25X25  matrix  to  compare  the  pre¬ 
dicted  magnetization  with  our  experimental  results.  We  dis¬ 
cuss  the  slight  magnetic  anisotropy  (0.8% ±0.9%  at  5.2  K  in 
6  T)  in  Cdj_xCrxTe  with  the  larger  anisotropy  in  the  magne¬ 
tization  observed  for  Zn^xCr^Te18  and  Zn^x^Se19,20  in 
the  context  of  the  splitting  of  the  ground  multiplet.  And,  the 
anomalously  low  value  of  D  in  Cdi-xC^Te  is  compared 
with  the  Zn^Cr^B^  series. 


II.  EXPERIMENTAL  DETAILS 

Single-ciystal  samples  of  Cd^Cr/Te  and  Zn^xCrxTe 
were  taken  from  boules  with  nominal  concentration  of 
x=0.05  and  0.005,  respectively.  Typically,  samples  grown  by 
the  vertical  Bridgman  method  yield  actual  concentrations 
less  then  the  nominal  value.  We  report  on  samples  with  ac¬ 
tual  concentrations,  which  is  the  only  adjustable  variable  for 
the  magnetization  calculated  from  the  25X25  Hamiltonian, 
of  x=0.0036  and  x=0.0031  for  Cd^C^Te  and 
Zn^x&xTe,  respectively.  Both  samples  were  oriented  along 
the  (111)  and  (100)  directions  using  the  standard  Laue  tech¬ 
nique. 

Magnetic  measurements  were  made  between  1.5  and  324 
K  in  fields  up  to  6  T  using  a  Cryogenic  Consultants  Limited 
SQUID  magnetometer.  A  ferromagnetic  minority  phase  was 
observed  in  each  of  our  samples  which  accounts  for  —10% 
of  the  chromium  and  is  90%  saturated  by  0.25  T  at  10  K. 
Above  0.4  T  at  low  temperatures,  the  ferromagnetic  compo¬ 
nent  is  nearly  saturated.  A  detailed  analysis  of  the  tempera¬ 
ture  dependence  of  the  ferromagnetic  phase  will  be  presented 
elsewhere.22  Both  the  diamagnetic  signal  from  the  host  II- VI 
semiconductor  and  the  saturated  magnetization  from  the  mi¬ 
nority  ferromagnetic  phase  were  subtracted  to  yield  the  mag¬ 
netization  as  a  function  of  field. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Shown  in  Fig.  1  is  the  magnetization  versus  field  data  at 
5.2  K  for  Cdj_xCrxTe  oriented  along  the  (111)  and  (100) 
directions.  A  slight  anisotropy  of  0.8% ±0.9%  is  observed  at 
6  T.  The  solid  line  in  Fig.  1  is  a  Brillouin  fit  assuming  a  pure 
spin  two  system  with  a  concentration  of  x=0.0037.  If  there 
were  a  significant  splitting  of  the  ground  multiplet,  we  would 
expect  the  magnetization  to  deviate  noticeably  from  the  Bril¬ 
louin  response  and  exhibit  a  significant  anisotropy.6,18-20 
However,  as  can  be  seen,  the  data  up  to  6  T  are  well  de¬ 
scribed  by  this  simple  model  indicating,  along  with  the  very 
slight  anisotropy,  that  the  zero-field  splitting  of  the  ground 
multiplet  is  small.  We  have  also  made  calorimetric  measure¬ 
ments  which  further  confirm  the  anonymously  small  value  of 
D  in  Cdj-xCrxTe. 
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FIG.  1.  Magnetization  data  for  Cd^Cr^Te  taken  at  5.2  K  for  the  (111)  and 
(100)  orientations.  The  theoretical  fit  obtained  from  the  25X25  Hamiltonian 
for  each  orientation  is  shown  by  the  dotted  and  dashed  lines.  Note  that  the 
theoretically  predicted  anisotropy  is  negligible  on  this  scale.  The  solid  line  is 
a  fit  using  a  Brillouin  function.  Good  agreement  is  found  between  the  data 
and  a  Brillouin  function  because  of  the  very  small  splitting  of  the  ground 
multiplet.  The  ferromagnetic  and  diamagnetic  contributions  have  been  sub¬ 
tracted.  Shown  in  the  inset  is  a  plot  of  D  vs  K  for  several  chromium  based 
DMS.  The  solid  lines  in  the  inset  show  the  theoretical  prediction  for  a  model 
including  ligand  field  corrections  to  the  spin-orbit  and  spin-spin  parameters. 


However,  it  is  not  transparent  why  the  ground  multiplet 
is  nearly  degenerate.  In  order  to  explain  our  magnetic  mea¬ 
surements  on  Cd^Cr/Te,  the  complete  25X25  complex 
Hamiltonian  for  the  5D  state  was  constructed  including  the 
crystal  field,  Jahn-Teller,  spin-orbit,  and  spin-spin  effects  in¬ 
cluding  ligand  field  corrections  to  the  effective  spin-orbit  and 
spin-spin  parameters.12,18  It  has  been  shown  previously12  that 
the  general  trend  in  D  in  Zn^^Cr^S,  Znj.^Cr^Se,  and 
Znj  .^Cr^Te  could  be  accounted  for  with  a  model  including 
ligand  field  corrections  to  the  spin-orbit  and  spin- spin  param¬ 
eters  using  the  perturbative  result 


(1) 


where£1  =  3£JT,£2  -  En+  A  -  2  Ejte  ,  A  is  the  crystal  field 
splitting  parameter,  and  En  and  EnE  are  the  Jahn-Teller 
energies  for  the  orbital  triplet  (5T2)  and  doublet  (5£),  respec¬ 
tively.  The  corrections  due  to  the  ligand  field  can  be  reduced 
to  one  adjustable  parameter  K  which  sets  the  magnitude  of 
the  coupling.  The  effective  spin-orbit  and  spin-spin  param¬ 
eters  are  then  given  by 


=  ~K), 


K\ 

1“  —  ,  and 


P  3  = 


9  E 


(-\2  +  4\2)  +  p, 


where  £=20  000  cm-1  is  the  energy  of  the  next  highest  LS 
state  of  the  same  symmetry  (3d4)  and  \  and  p  are  the  free- 
ion  spin-orbit  and  spin-spin  parameters,  respectively. 

Shown  in  the  inset  of  Fig.  1  is  a  plot  of  D  vs  K  for 
several  chromium  based  DMS  which  are  shown  by  solid 
circles.  We  note  that  our  value  for  K= 2.0  for  Zn^Cr^Te 
was  determined  from  numerically  diagonalizing  the  25X25 
Hamiltonian  and  is  lower  then  the  previously  reported  value 
of  2.33  determined  from  a  perturbative  treatment.  The  values 
of  K  for  Zn^Cr^S  and  Zn^Cr^Se  were  calculated  by 
scaling  our  value  of  K  for  Zn^Cr/Te  by  the  ratio  of  the 
ligand  spin-orbit  constants  £s/£Te=1689  cm_1/382.4  cm-1  or 
£Se/£ re"1689  cm_1/4136  cm-1.12  The  four  solid  lines  were 
calculated  using  Eq.  (2)  for  the  set  of  parameters  for  each  of 
the  four  systems  shown.10,18,22  As  can  be  seen,  the  general 
trend  is  satisfactorily  predicted  for  Cdx^xCrxTe  (£=1.9)  as 
well  as  the  Zn2  _  ^Cr^B^  series. 

The  dotted  and  dashed  lines  shown  in  Fig.  1,  which  are 
nearly  indistinguishable  on  this  scale,  are  theoretical  fits  for 
the  (111)  and  (100)  directions  which  were  calculated  using 
the  25X25  Hamiltonian  with  a  Jahn-Teller  energy  of  370 
cm"1  and  effective  spin-orbit  and  spin-spin  parameters 
within  the  lower  15X15  (5T2)  state  of  -49.9  and  0.29  cm-1, 
respectively.  These  parameters  result  in  a  small  1.5  K  total 
splitting  (4D)  of  the  ground  orbital  singlet  multiplet  in 
agreement  with  the  EPR  measurements.12  The  Hamiltonian 
predicts  a  0.44%  anisotropy  in  6  T  which  is  in  good  agree¬ 
ment  with  the  data.  In  our  analysis  we  have  assumed  that  the 
Jahn-Teller  distortions  are  randomly  distributed  along  the 
three  equivalent  crystalline  axes  as  was  observed  in  the 
Zn^Cr/Te  system.18  As  can  be  seen  from  Fig.  1  the  agree¬ 
ment  between  the  theory  and  experiment  is  good  with  the 
concentration  x =0.0035  ±0.0005  being  the  only  adjustable 
parameter. 

Shown  in  Fig.  2  is  the  magnetization  versus  field  data  at 
3.67  K  for  a  Zn^Cr/Te  crystal  oriented  along  the  (111)  and 
(100)  directions  which  has  been  presented  previously.18  The 
solid  line  is  a  Brillouin  fit  assuming  a  pure  spin  two  system 
with  a  concentration  of  x= 0.0035.  In  contrast  with  the 
Cd^Cr^Te  data,  the  disagreement  between  the  data  and 
Brillouin  fit  is  obvious  indicating  a  splitting  of  the  ground 
multiplet.  Further  magnetic  evidence  of  the  splitting  of  the 
ground  multiplet  is  the  presence  of  an  anisotropy  (—7%  at 
3.67  K  in  6  T)  in  the  data.  The  theoretical  response  obtained 
from  the  Hamiltonian  is  shown  by  the  dotted  and  dashed 
lines  for  a  Jahn-Teller  energy  of  320  cm-1  and  effective 
spin-orbit  and  spin-spin  parameters  within  the  ground  5T2 
state  of  -59.4  and  0.32  cm"1,  respectively. 
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FIG.  2.  Magnetization  data  for  Zn^Cr/Te  taken  at  3.67  K  for  the  (111)  and 
(100)  orientations.  A  theoretical  fit  obtained  from  the  25X25  Hamiltonian 
for  each  orientation  is  shown  by  the  dotted  and  dashed  lines.  The  solid  line 
is  a  fit  using  a  Brillouin  function.  An  —7%  anisotropy  and  deviation  from 
the  Brillouin  fit  is  evident  due  to  the  splitting  of  the  ground  multiplet.  The 
ferromagnetic  and  diamagnetic  contributions  have  been  subtracted. 

IV.  CONCLUSIONS 

We  have  presented  magnetization  data  on  Cdj^Cr/Te 
and  Znj.^Cr^Te.  The  key  feature  of  these  systems  is  an  or¬ 
bital  singlet,  S= 2  ground  state  with  a  small  splitting  (1.5  K 
for  Cdj  -  jCr^Te  and  12.4  K  for  Znj  _;cCrxTe)  of  the  ms  states. 
The  theoretical  model  we  have  used  provides  a  good  descrip¬ 
tion  for  the  magnetization  for  both  the  Cd^Cr/Te  and 
Zn^Cr/Te  systems  which  are  the  only  chromium  based 
II- VI  DMS  which  are  reported  to  have  a  positive  value  for 
D.  Agreement  was  found  between  the  experimental  results 


and  the  theoretical  calculations  for  a  Jahn-Teller  splitting  of 
370  and  320  cm-1  and  effective  spin-orbit  parameters  of 
-49.9  and  -59.4  cm-1  for  Cd^Cr/Te  and  Zn^Cr^Te, 
respectively.  The  theory  correctly  predicts  the  anisotropy  and 
field  dependence  of  the  magnetization  for  both  systems  and 
accounts  for  the  anonymously  low  value  of  D  in 
Cdj-jCr^Te. 
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Specific  heat  of  R3Co  (R:  La,Pr,  and  Nd)  (abstract) 
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It  was  reported  that  La3Co  is  an  interesting  superconductor  which  has  a  critical  temperature  Tc  of 
4.5  K.1  Pr3Co  and  Nd3Co  are  ferromagnetic  materials,  which  have  Curie  temperatures  of  10  and  25 
K,  respectively.  It  was  claimed  that  their  magnetic  structures  are  associated  with  the  canting  moment 
reflected  to  the  symmetry  of  their  crystal  structure.2  In  this  paper  we  present  the  results  of  the 
specific  heat  measurement  in  these  compounds  in  the  temperature  range  from  2  to  30  K  by  a 
standard  adiabatic  heat  pulse  method.  Two  phase  transitions  are  observed  at  8  and  25  K  in  Nd3Co. 
One  of  them  at  25  K  corresponds  to  the  Curie  temperature  mentioned  above.  Another  is  the 
transition  corresponds  to  the  moment  reorientation,  which  was  observed  in  the  thermomagnetic 
curves  and  electrical  resistivity  measurement.  This  results  claim  that  the  moments  are  canted  in  this 
compounds.  Magnetic  entropy  reaches  90%  of  R  In  2  at  25  K.  However,  it  increases  above  the  Curie 
temperature  because  the  crystalline  electric  field  effects  plays  an  important  role  in  this  compounds. 
There  are  two  peaks  of  10  and  12  K  in  Pr3Co.  The  above  temperature  corresponds  the  Curie 
temperature  but  another  was  unknown.  Thus  we  performed  the  specific  heat  measurement  for 
Pr7Co3,  which  is  very  close  to  the  Pr3Co  in  the  phase  diagram.  We  could  observe  the  phase 
transition  at  12  K  for  Pr7Co3  in  the  specific  heat  measurement  and  electric  resistivity  measurement. 
It  is  clear  that  the  phase  transition  at  12  K  comes  from  impurity  of  Pr7Co3  in  our  Pr3Co  compound. 
We  prepare  the  good  quality  sample  of  Pr3Co  and  try  to  examine  the  specific  heat 
measurement.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)45008-X] 
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Submicron  characterization  of  recording  media  using  magnetic  force 
microscopy  (invited)  (abstract) 
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M.  Dugas 

Advanced  Research  Corporation,  Minneapolis,  Minnesota  55414 

W.  Challener 

3M  Corporation,  St.  Paul ,  Minnesota  55414 

Magnetic  force  microscopy  is  finding  widespread  use  in  the  analysis  of  magnetic  structure  at  length 
scales  relevant  to  modem  storage  densities.  We  present  a  new  technique  which  uses  the  extremely 
localized  stray  fields  of  MFM  tips  to  probe  submicron  media  characteristics.  The  tip  is  brought  into 
contact  with  the  magnetized  media,  and  a  uniform  external  field  //ext  is  momentarily  added  to  the 
tip’s  stray  field.  If  the  net  field  exceeds  the  local  media  coercivity,  the  magnetization  is  reversed 
locally,  and  a  “bit”  is  written.  High-resolution  MFM  imaging  of  the  results  is  done  immediately 
using  the  same  probe.  Bit  arrays  of  several  Gbit/in2  can  be  produced  with  the  lithography  software 
of  a  commercial  MFM.  Using  the  external  field  tfext  as  a  parameter,  the  threshold  for  bit  writing  can 
be  determined,  giving  a  measure  of  the  local,  or  “point”,  coercivity  of  the  media  on  a  100  nm  scale. 
Results  for  perpendicular  Co-Cr  and  magneto-optical  media  can  deviate  significantly  from 
conventional  bulk  hysteresis  measurements,  in  some  cases  reversing  the  bulk  coercivity  ranking. 
Intermediate  values  of  Hext  reveal  spatial  variations  in  the  point  coercivity  due  to  fluctuations  in 
composition  or  microstructure.  In  square  media,  sufficiently  strong  fields  //ext  cause  existing  bits  to 
grow,  leading  to  bulk  reversal  via  front  propagation,  and  allowing  a  direct  measurement  of  wall 
motion  coercivity.  Possible  extensions  to  longitudinal  media  will  be  discussed.  In  general, 
combining  the  imaging  and  writing  capabilities  of  MFM  probes  gives  a  direct  assessment  of  media 
response  to  very  localized  fields,  and  leads  to  a  powerful  method  for  relating  microstructure  to  bulk 
hysteresis  properties.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)62108-9] 
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Magnetic  force  microscopy  (MFM)  in  the  presence  of  an  external  magnetic  field  has  been 
developed.  This  has  led  to  further  understanding  of  image  formation  in  MFM  as  well  as  new  insights 
concerning  the  interaction  of  magnetic  recording  media  with  an  external  field.  Our  results  confirm 
that,  at  low  applied  fields,  image  formation  results  from  the  interaction  of  the  component  by  the 
local  surface  field  along  the  direction  of  the  probe’s  magnetization.  By  reorienting  the  probe’s 
magnetization  by  an  appropriate  application  of  an  external  field,  it  is  possible  to  selectively  image 
specific  components  of  the  local  field.  At  higher  applied  fields,  the  probe  becomes  saturated  and  the 
changes  in  the  images  may  be  attributed  to  magnetization  reversal  of  the  sample.  We  have  observed 
the  transformations  that  occur  at  various  stages  of  the  dc  erasure  of  thin-film  recording  media.  This 
technique  has  also  been  applied  to  conventional  magneto-optical  media  to  study  domain  collapse 
caused  by  increasing  temperature  with  an  external  bias  field.  The  methods,  results,  and  their  analysis 
are  presented.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)57008-5] 


I.  INTRODUCTION 

Since  the  first  reports  of  its  development  in  1987, 1  mag¬ 
netic  force  microscopy  (MFM)  has  emerged  as  a  powerful 
tool  in  understanding  the  micromagnetics  of  surfaces.2  Its 
capability  to  resolve  ^100  nm  features,  combined  with  le¬ 
nient  requirements  on  sample  preparation  and  operating  en¬ 
vironments,  has  made  it  a  workhorse  in  technology  develop¬ 
ment  as  well  as  fundamental  investigations  of  surface3  and 
biological4  magnetism.  Despite  its  widespread  use,  however, 
most  MFM  images  were  obtained  under  ambient  magnetic 
field  conditions.  As  a  result,  studies  have  been  limited  to 
samples  being  either  in  a  locally  nonmagnetized  or  remanent 
states. 

Recently,  the  capability  of  imaging  samples  in  the  pres¬ 
ence  of  an  external  magnetic  field  has  been  developed.5  This 
has  allowed  direct  imaging  of  the  microscopic  evolution  of 
thin-film  recording  patterns  undergoing  dc  erasure;  and  has 
opened  up  the  possibility  of  investigating  microscopic  mag¬ 
netic  properties  of  surfaces  at  any  point  along  the  magneti¬ 
zation  curve.  In  this  paper,  we  provide  the  details  of  our 
technique  and  discuss  the  implications  of  subjecting  both  the 
probe  and  sample  to  an  external  field.  We  focused  our  studies 
on  thin-film  recording  and  magneto-optical  media,  not  only 
because  of  their  importance  in  the  storage  industry  but  be¬ 
cause  they  represent  excellent  case  models  for  in-plane  and 
out-of-plane  magnetization  structures. 


II.  TECHNIQUE 
A.  Background 

Magnetic  force  microscopy  generates  a  two  dimensional 
mapping  of  the  local  force-gradient  between  a  magnetic 
probe  and  a  sample,  separated  by  about  a  hundred  nanom¬ 


eters.  The  probe  is  comprised  of  a  cantilever  beam  with  a 
sharp,  magnetic  tip  at  one  end  that  is  forced  to  oscillate  at  its 
resonance  frequency.  It  is  then  rastered  across  the  surface 
while  the  changes  in  the  oscillation  phase  of  the  cantilever 
are  recorded  in  an  array  as  a  function  of  its  two  dimensional 
lateral  position.  The  change  of  the  oscillation  phase  is  di¬ 
rectly  proportional  to  the  force  gradient,  so  that  the  resulting 
array,  by  using  computer  graphics,  forms  an  image  of  the 
distribution  of  the  local  force  gradient. 

The  technique  can  be  understood  by  considering  the  mo¬ 
tion  of  the  cantilever  probe  as  a  single-point  mass  m  under¬ 
going  one-dimensional  forced  harmonic  oscillation  along  the 
vertical  z  axis.6  The  resonance  frequency  is  determined  by 
the  intrinsic  elastic  constant  of  the  cantilever,  in  combination 
with  a  small  perturbation  due  to  the  probe-surface  interaction 
force  F(z).  The  latter  is  incorporated  by  expanding  F(z)  in  a 
Taylor  series  and  keeping  the  first  order  term  F'  =  SFI dzo- 
When  the  driving  frequency  is  near  the  resonance,  a>~co0, 
the  local  force  gradient  Fr  will  shift  the  resonance  frequency 
by  an  amount  o>0(F'/2fc).  As  a  consequence,  the 

phase  will  vary  from  its  nominal  90°  out-of-phase  condition 
relative  to  the  driving  term  by  an  amount 


A  a) 

A<f>~-2Q - - 

w0 


QF' 

k 


(1) 


where  Q  is  the  quality  factor  of  the  cantilever.  The  phase 
variation  at  each  point  is  proportional  to  the  local  force  gra¬ 
dient. 

Our  commercial  device,  the  Nanoscope  III  MFM,  oper¬ 
ates  in  the  so-called  lift  and  phase  sensitive  detection 
method.7  The  topography  of  the  surface  is  first  measured  by 
using  atomic  force  microscopy  techniques  and  the  contour  is 
retraced  with  the  probe  at  a  preset  height  above  the  surface 
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solenoid  o-80  Magnetic  Screw 

FIG.  1.  Electromagnet  design  for  MFM  with  an  external  in-plane  magnetic 
field. 


FIG.  2.  Magnetic  field  and  temperature  calibration  vs  input  current. 


as  the  force-gradient  is  measured.  In  this  manner,  the  surface 
topographical  effects  are  minimized. 

Since  the  probe  is  coated  with  a  ferromagnetic  alloy,  the 
tip-surface  force  is  dominated  by  the  magnetic  interaction  if 
short-range  adhesion  forces8  are  neglected.  For  simplicity, 
we  describe  the  tip  as  a  single  constant  magnetic  dipole, 
mtip.  The  force  experienced  by  this  dipole  in  a  local  mag¬ 
netic  field  H  is2 


F=  -(mtip*V)H. 


(2) 


Only  the  z  component  of  the  force  contributes  to  the  oscilla¬ 
tion.  By  differentiating  with  respect  to  z  and  using  VXH=0, 
Eqs.  (1)  and  (2)  yield  an  explicit  expression  for  contrast  for¬ 
mation  in  phase-detection  MFM: 


*  ,  ph, 
4^'i«  ”■  a?' 


(3) 


This  equation  states  that  as  long  as  the  magnetic  properties 
of  the  sample  and  the  probe  are  unaffected  by  their  mutual 
interaction,  the  contrast  in  MFM  arises  from  the  variations  of 
the  second  z  derivative  of  the  component  of  the  surface  field 
in  the  direction  of  the  probe's  magnetization. 

One  consequence  of  Eq.  (3)  is  that  it  is  possible  to  se¬ 
lectively  image  specific  components  of  the  second  derivative 
of  the  local  surface  magnetic  field  by  appropriately  orienting 
the  probe  magnetization  direction.  In  other  words,  by  a  judi¬ 
cious  choice  of  probe  magnetization  directions,  it  is  feasible 
to  individually  map  out  the  z  derivatives  of  the  three  Carte¬ 
sian  components  of  the  local  surface  magnetic  field  vectors. 
One  way,  of  course,  is  to  prepare  probes  in  a  highly  con¬ 
trolled  manner  in  order  to  have  the  easy  axis  aligned  along 
definite  directions.  In  principle,  specific  probes  can  be  used 
to  image  particular  surface  field  components.  In  our  experi¬ 
ments,  however,  the  reorientation  of  the  direction  of  the 
probe’s  magnetization  is  accomplished  by  applying  an  exter¬ 
nal  dc  magnetic  field  during  imaging.  The  intention  is  to 
orient  the  probe  magnetization  by  sufficiently  low  fields 
which  preclude  significant  effects  on  the  sample. 


B.  Magnet  design 

Adding  an  external  field  in  MFM  involves  the  incorpo¬ 
ration  of  an  electromagnet  at  the  sample  stage.  Figure  1 
shows  the  critical  details  of  our  design  which  produces  mag¬ 


netic  fields  primarily  oriented  along  the  sample  surface 
plane.  The  dimensions  were  constrained  by  the  available 
space  in  our  device.  The  materials  and  coil  specifications 
were  chosen  to  optimize  the  magnetic  field  strength  gener¬ 
ated  at  the  gap  location  and  subject  to  a  heating  constraint  to 
prevent  temperature-induced  problems,  such  as  drifts,  depo¬ 
larization  of  the  piezoelectric  scanners,  and  heat-induced 
changes  in  the  sample  magnetic  properties.  The  magnetic 
field  generated  in  the  gap  of  length  Lg  can  be  estimated  as 

JJLnNI 

(MKSA  units),  (4) 

LS 

where  N  is  the  total  number  of  turns,  I  is  the  current,  and  jjl0 
is  the  permeability  of  free  space.  This  can  be  derived  from 
Ampere’s  law  for  the  case  where  the  permeability  of  the  iron 
core  is  large.  The  relevant  parameters  are:  A=4700  turns  and 
Lg=0.16  mm.  At  30  mA,  Bg= 2330  G  and  it  is  expected  to 
reach  saturation  at  £g=4500  G  for  a  current  of  56  mA.  A 
measurement  of  the  horizontal  component  of  the  field,  shown 
in  Fig.  2,  was  obtained  by  using  a  miniature  Hall  probe 
(LakeShore  HT  2100)  which  was  calibrated  against  a  known 
field.  The  data  indicate  that  the  magnetic  field  varies  linearly 
with  current  from  0  to  30  mA,  demonstrating  that  within  this 
range,  the  iron  yoke  is  driven  at  the  reversible  regime  of  its 
magnetization  curve.  High-frequency  fluctuations  in  the  field 
were  found  to  be  about  0.5%.  Similarly,  the  temperature  was 
measured  by  using  a  calibrated  thermocouple  which  was  spot 
welded  near  the  gap  region.  Heating  effects,  concurrently 
plotted  in  Fig.  2,  show  that  a  dc  current  of  up  to  32  mA 
elevates  the  temperature  to  less  than  55  °C. 

III.  RESULTS  AND  DISCUSSION 

The  samples  used  in  our  experiment  were  obtained  from 
conventional  and  experimental  thin  film  disks  as  well  as  con¬ 
ventional  magneto-optic  samples.  The  macroscopic  proper¬ 
ties  of  some  of  these  samples  were  previously  measured  and 
reported  elsewhere.5,9 

A.  Probe  effect:  Component-resolved  imaging 

Confirming  the  predictions  of  Eq.  (5),  the  individual 
components  of  the  local  surface  magnetic  fields  of  the  thin 
film  in-plane  recorded  medium  are  shown  in  Fig.  3.  A  dia¬ 
gram  representing  the  expected  distribution  of  the  magneti- 
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FIG.  3.  Component- selective  images  of  a  thin-film  recording  medium.  Im¬ 
ages  obtained  with  probe  nominally  oriented  along  the  (A)  normal  z  axis, 
(B)  in-plane  x  axis,  and  (C)  in-plane  y  axis,  reflecting  the  contributions  of 
the  local  surface  field  at  these  directions,  respectively.  Bottom:  sketch  of  the 
magnetization  pattern. 


zation  distribution  is  drawn  in  the  bottom  of  the  figure.  Fig¬ 
ures  3(A)  and  3(B)  were  obtained  from  the  same  area  of  the 
disk.  In  Fig.  3(A),  the  probe  was  premagnetized  by  a  3.5 
kOe  magnet  along  the  vertical  direction  prior  to  image  ac¬ 
quisition  and  no  external  horizontal  field  was  applied  to  the 
sample.  Neglecting  some  nonlinear  effects  due  to  the  probe- 
sample  interaction,  the  probe  magnetization  in  Fig.  3(A)  can 
be  taken  as  m~mz\mx,my~ 0.  The  contrast  formation  in 
Fig.  3(A)  arises  predominantly  from  d2Hzldz2  and  it  appears 
as  an  alternating  series  of  bright  and  dark  strips  that  are  more 
or  less  localized  along  the  transition  regions.  Note  that  de¬ 
spite  the  fact  that  the  pattern  is  a  series  of  alternating  in  plane 
magnetizations,  very  little  contrast  can  be  observed  within 
the  interior  regions  of  the  patterns.  In  fact,  the  image  contrast 
in  the  interior  regions  is  similar  to  the  background  areas  out¬ 
side  of  the  patterns.  In  Fig.  3(B),  which  was  acquired  with  a 
200  Oe  field  along  the  track  direction,  the  interior  features 
have  emerged  and  the  two  opposite  magnetization  directions 
are  clearly  distinguishable.  This  arises  because  the  external 
horizontal  dc  magnetic  field  produced  a  nonvanishing  mx 
component  of  the  probe  magnetization  which  induces  a 
dominant  term  proportional  to  d2Hx!dz2 . 

We  offer  the  following  qualitative  interpretation  of  these 
images  in  terms  of  the  physical  quantities  such  as  the  mag¬ 
netic  charges  and  the  magnetization.  For  illustrative  pur¬ 
poses,  consider  the  simple  case  of  a  one-dimensional  sinu¬ 
soidal  magnetization  pattern  MX=M0  sin(fcx),  in  a  medium 
of  thickness  S.  The  local  surface  magnetic  field  components 
above  the  surface  for  this  configuration  can  be  computed,10 
and  the  corresponding  second  derivatives  with  respect  to  z 
are 


d2Hz 

dz2 


ocV-M  = 


dx 


and 


d2Hx 
dz 2 


ocMx. 


(6) 


In  other  words,  MFM  imaging  with  the  z-axis  probe  orienta¬ 
tion  yields  images  that  are  proportional  to  the  divergence  of 
the  magnetization  or  the  volume  magnetic  charge  density 
while  the  x-axis  orientation  yields  images  that  are  propor¬ 
tional  to  the  distribution  of  magnetization.  In  real  systems, 
the  images  may  deviate  from  this  simple  interpretation,  albeit 
only  slightly.  For  example,  for  an  in-plane  arctangent  transi¬ 
tion  with  a  transition  length  of  150  nm,  the  main  difference 
between  the  divergence  of  the  magnetization  and  the  second 
derivative  of  the  field  with  z  is  the  broadness  of  the  peak. 
The  FWHM  widths  are  400  nm  for  dMIdx  and  200  nm  for 
d2HJdz 2.u  Once  instrumental  resolution  limits  of  about  100 
nm  are  taken  into  account,  the  distinction  becomes  less  con¬ 
spicuous.  Naturally,  in  order  to  obtain  quantitative  results, 
one  would  have  to  use  Eq.  (3)  to  derive  the  actual  image  of 
magnetization  from  a  set  of  MFM  raw  images. 

By  extending  this  approach,  we  have  selectively  imaged 
the  crosstrack  or  y  component12  as  shown  in  Fig.  3(C).  This 
is  obtained  by  preparing  the  sample  such  that  the  tracks  are 
perpendicular  to  the  direction  of  the  applied  field.  Note  that 
apart  from  the  contrast  at  the  transition  regions,  pairs  of  lo¬ 
calized  bright  and  dark  areas  are  visible  along  both  edges  of 
the  track.  These  crosstrack  features  are  distinctive  in  that  a 
predominantly  bright  edge  structure  is  paired  with  a  dark 
edge  structure  on  the  opposite  edge  in  any  specific  “bit.”  (By 
a  “bit,”  we  mean  the  entire  rectangular  area  having  a  con¬ 
stant  magnetization  direction.)  These  edge  features  are 
clearly  distinct  from  the  edges  in  Fig.  3(A),  although  both 
are  manifestations  of  the  same  magnetic  feature.  In  one  case, 
the  transverse  component  of  the  edge  magnetization  (as 
drawn  in  the  diagram)  is  detected,  and  on  the  other,  the  z 
component  or  the  magnetic  charges  accompanying  the  edge 
magnetizations  are  measured.  The  intensity  of  the  features 
are  relatively  weak  in  comparison  with  the  main  transitions, 
which  explains  the  higher  noise  contribution  in  the  image.  In 
general,  they  depend  upon  the  combined  effects  of  the  head 
geometry  and  a  weakly  oriented  recording  medium.12 

While  the  images  still  show  partial  mixing  between  the 
individual  components  of  the  field,  they  nevertheless  clearly 
support  the  assertions  of  Eq.  (3).  The  recurring  influence  of 
the  z  contribution  may  have  resulted  from  the  combination  of 
two  effects,  namely,  the  external  field  having  a  component 
along  the  z  direction  or  the  probe  having  a  slight  anisotropy 
favoring  vertical  alignment. 


B.  Probe  hysteretic  effects 

Having  established  the  reorientation  of  the  probe  due  to 
the  external  field,  we  now  study  the  probe  hysteretic  behav¬ 
ior  along  the  x  direction.  Specifically,  we  focus  on  the  trans¬ 
formation  of  the  images  as  the  horizontal  field  is  cycled  be¬ 
tween  moderately  large  negative  and  positive  values.  The 
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FIG.  4.  Hysteretic  behavior  of  MFM  probe  magnetization  along  x  axis  and 
corresponding  images  at  saturation,  remanence,  and  coercivity. 


main  goal  is  to  derive,  from  the  images,  the  changes  in  the 
mx  component  of  the  probe  under  an  external  bias  dc  field. 

The  result  is  summarized  in  Fig.  4.  The  sequence  was 
started  by  premagnetizing  the  probe  along  the  vertical  direc¬ 
tion  and  acquiring  the  initial  image.  The  horizontal  field  was 
slowly  raised  up  to  +500  Oe,  ramped  back  down  to  -500 
Oe,  and  again  reversed  direction  to  +700  Oe.  Images  were 
acquired  at  each  field  increment  all  along  the  cyclic  path. 
The  plot  at  the  center  of  the  figure  is  an  actual  measurement 
of  the  probe’s  horizontal  magnetization  component.  Each 
data  point  along  this  curve  was  derived  by  averaging  the  line 
profiles  of  the  upper  (long  wavelength)  track  as  shown  in  the 
images.  Since  the  images  were  obtained  from  the  same  area 
and  the  external  field  was  low  in  comparison  with  the  coer¬ 
civity  of  the  medium  (Z/c>1600  Oe),  then  the  magnetization 
component  of  the  probe  along  the  track  direction  can  be  de¬ 
rived  from  the  images  and  Eq.  (3).  Ideally,  this  can  be  done 


by  fitting  each  of  the  experimental  lineshapes  with  the  mod¬ 
eled  response  given  by  Eq.  (3)  and  extracting  the  relative 
coefficients  mx  and  mz .  However,  since  the  z-component  con¬ 
tribution  is  confined  at  the  transition  regions,  we  simply  de¬ 
rived  the  mx  contribution  for  each  image  by  measuring  the 
average  contrast  levels  at  the  midpoints  of  the  “bits”  while 
keeping  track  of  the  separate  magnetization  directions.  The 
resulting  plot  clearly  exhibits  the  hysteretic  property  of  the 
probe. 

Special  points  along  the  probe’s  magnetization  loop  are 
shown  in  images  4(A)-4(H).  They  depict  how  changing  the 
probe  magnetization  alters  the  image  formation.  The  contrast 
mechanism  with  no  applied  field  is  shown  in  image  4(A), 
after  performing  the  standard  procedure  of  pre-magnetizing 
the  probe  along  the  z  direction.  The  features  are  confined 
exclusively  at  the  transition  regions  and  thus,  the  horizontal 
probe  magnetization  components  mx  can  be  taken  to  be 
nearly  zero  at  this  initial  state.  This  is  a  widely  used  imple¬ 
mentation  of  the  MFM  and  most  images  of  thin-film  media 
in  the  literature  belong  in  this  category. 

The  contribution  of  the  horizontal  component  increases 
linearly  with  the  field  until  it  attains  the  contrast  shown  in 
4(B).  Further  increases  of  the  external  field  do  not  produce 
significant  variations  since  the  probe’s  magnetization  is  satu¬ 
rated  along  the  direction  of  the  field.  Once  the  field  has  been 
removed,  however,  image  4(C)  differs  only  slightly  from  the 
saturated  state,  indicating  that  horizontally  realigned  do¬ 
mains  maintain  their  orientation.  This  large  remanent  mag¬ 
netization  can  be  beneficial  in  being  able  to  premagnetize  the 
probe  along  the  horizontal  direction  instead  of  the  customary 
vertical  direction,  and  increase  its  sensitivity  in  detecting  the 
local  horizontal  field  contribution.  Note,  however,  that  while 
the  horizontal  component  is  large,  the  contribution  from  the  z 
component  is  still  quite  significant.  This  implies  that  the 
probe  contains  numerous  domains,  some  of  which  have 
strong  anisotropy  favoring  magnetization  along  the  z  direc¬ 
tion. 

The  onset  of  mx  reversal  is  illustrated  in  4(D),  which  also 
identifies  the  coercivity  of  this  specific  probe.  Note  that 
while  mx~ 0,  the  image  is  clearly  different  from  4(A).  Weak 
dark  strips  have  appeared  to  the  left  of  the  nominally  bright 
areas.  This  suggests  that  the  process  of  magnetization  rever¬ 
sal  in  the  x  direction  invariably  causes  some  moments  to 
rotate  in  the  opposite  z  direction.  At  negative  saturation,  im¬ 
age  4(E)  shows  the  complete  reversal  of  the  contrast,  includ¬ 
ing  the  vertical  component.  Upon  removal  of  the  field,  the 
resulting  image  4(F),  which  is  at  negative  remanence,  shows 
a  somewhat  weaker  vertical  component.  It  appears  that  some 
of  the  moments  that  were  oriented  along  the  —z  direction 
have  reverted  back  to  +z  or  to  the  other  orthogonal  direc¬ 
tions  when  the  field  was  removed.  The  amount  of  mz  reten¬ 
tion  appearing  less  in  4(F)  than  in  the  positive  remanence 
image  4(C)  is  due  to  the  fact  that  the  probe  was  deliberately 
oriented  in  the  +  z  direction  before  application  of  the  field. 

At  positive  coercivity,  image  4(G)  is  analogous  to  4(D), 
with  the  exception  that  the  dark  regions  are  affected  by  high- 
frequency  noise.  We  speculate  that  since  the  probe  is  in  a 
demagnetized  state,  the  influence  of  local  fields  at  the  dark 
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FIG.  5.  MFM  images  of  magneto-optic  medium  at  various  probe  orienta¬ 
tions.  Tip  (+)  and  tip  (-)  indicate  vertically  premagnetized  probes,  arrows 
indicate  directions  of  the  600  Oe  in-plane  external  field. 


regions  may  induce  transient  switching  of  some  magnetic 
moments  of  the  probe  which  leads  to  a  noisy  image.  As  the 
field  is  brought  back  to  positive  saturation,  image  4(H)  ap¬ 
pears  identical  to  4(B),  except  that  the  contrast  at  the  transi¬ 
tion  areas  (z  contribution)  appears  to  be  less  pronounced.  In 
successive  experiments,  we  observed  that  the  z  contribution 
decreases  progressively  and  repeated  cycling  of  the  horizon¬ 
tal  fields  destroys  the  mz  alignments  of  the  probe. 

In  the  above  discussion,  the  probe  orientation  was  as¬ 
sumed  to  be  perpendicular  to  the  surface.  In  practice,  how¬ 
ever,  there  is  a  slight  angle  of  about  10°  between  the  main 
axis  of  the  conical  tip  and  the  true  vertical  direction.  This 
may  account  for  some  of  the  asymmetries  between  the 
equivalent  points  along  the  ascending  and  descending 
branches  of  the  mx-H  loop. 

Probe  reorientation  effects  for  perpendicularly  magne¬ 
tized  surfaces  are  a  conventional  magneto-optic  media  are 
shown  in  Fig.  5.  The  upper  images,  obtained  at  no  bias  field, 
correspond  to  a  vertically  oriented  mtip^mz  ,mx  ,my^0  while 
the  lower  images,  obtained  at  ±500  Oe  horizontal  applied 
fields,  correspond  to  a  nonvanishing  mx  component.  The  con¬ 
trast  reversals  follow  directly  from  the  change  in  sign  of  Eq. 
(3). 13  In  analogy  with  the  treatment  of  in-plane  magnetiza¬ 
tion,  we  assume  a  simple  model  for  the  surface  magnetiza¬ 
tion  MZ  =  M0  sin(kx).  The  interpretation  that  the 
z-component  imaging  is  sensitive  to  the  distribution  of  mag¬ 
netic  charges  still  holds.  One  distinction,  however,  is  that  in 
this  case  the  volume  charge  density  vanishes  and  the  discon¬ 
tinuity  of  magnetization  at  the  surface-air  interface  produces 
the  surface  magnetic  charges.  Hence,  the  z-component  im¬ 
ages  are  proportional  to  Mz .  From  Laplace’s  equation,  it  fol¬ 
lows  that  the  x-component  images  must  be  proportional  to 
the  discontinuity  of  surface  charges.  In  other  words,  the 
x-component  images  are  sensitive  to  the  domain  walls.14  This 
property  is  illustrated  in  the  lower  images  which  show  the 
bright  and  dark  features  on  opposite  edges  of  the  marks 
which  follow  the  direction  of  the  applied  field. 


FIG.  6.  Erasure  of  thin-film  recording  medium  with  increasing  dc  field. 


C.  Erasure  process  of  a  thin-film  medium 

Once  the  probe’s  response  to  the  field  is  understood,  the 
microscopic  characteristics  of  the  sample  undergoing  gradual 
dc  erasure  can  be  studied.  A  typical  result  is  shown  in  Fig.  6. 
The  plot  at  the  bottom  is  the  descending  branch  of  the  mea¬ 
sured  magnetization  curve,  and  the  images  are  labeled  ac¬ 
cording  to  the  positions  on  this  curve.  The  horizontal  field 
reinforces  the  magnetization  component  of  the  pattern  paral¬ 
lel  to  its  direction  and  at  the  same  time  reverses  the  compo¬ 
nent  in  the  opposite  direction.  Thus,  the  curve  represents  the 
magnetization  component  being  reversed  by  the  applied 
field. 

The  patterns  were  unperturbed  by  relatively  weak  mag¬ 
netic  fields,  and  image  (A)  shows  the  initial  magnetization 
distribution.  The  system  was  stable  up  to  about  700  Oe 
where  changes  in  the  patterns  become  noticeable.  The  initial 
stage  occurred  over  some  field  range  which  is  characterized 
by  subtle  expansion  of  the  bright  areas  and  moderate  rough¬ 
ening  of  the  transition  regions.  By  taking  the  power  spectrum 
of  the  image  at  700  Oe,  we  obtain  an  average  roughness 
correlation  distance  of  about  0.4  jjl m,  which  may  be  related 
to  the  average  switching  volume  for  this  medium.  Roughen¬ 
ing  continued  with  increasing  field  and  as  the  field  ap¬ 
proached  coercivity,  favorably  magnetized  areas  conglomer¬ 
ated  at  various  spots  along  the  track.  Expanding  domains 
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FIG.  7.  Erasure  of  TbFeCo  magneto-optic  marks  with  increasing  tempera¬ 
ture. 


adjacent  to  one  another  tended  to  break  or  percolate  through 
the  unfavorable  domains.  This  is  best  observed  at  865  and  at 
926  Oe  where  light-intensity  streaks  can  be  found  in  most  of 
the  dark  contrast  bits.  At  still  higher  fields,  the  percolated 
areas  expanded  along  the  crosstrack  direction  and  at  1027 
Oe,  most  parts  have  reoriented  in  the  direction  of  the  field. 
The  terminal  distribution  of  the  remaining  clusters  appear  to 
be  uncorrelated  with  their  previous  patterns,  and  their  ran¬ 
dom  distribution  may  reflect  the  local  fluctuations  in  the 
magnetic  properties  of  the  medium. 

D.  Erasure  process  of  a  magneto-optic  medium 

Since  the  coercivity  of  conventional  magneto-optic  me¬ 
dia  at  room  temperature  is  several  kOe,  direct  imaging  of 
their  erasure  processes  is  inaccessible  with  our  device.  How¬ 
ever,  we  show  the  results  of  a  related  experiment  to  elucidate 
the  nature  of  domain  collapse  in  these  systems.  These  images 
were  obtained  at  room  temperature  and  under  ambient  mag¬ 
netic  field  after  exposure  to  progressively  increasing  tem¬ 
peratures  in  the  presence  of  a  1.8  kOe  vertical  magnetic  field. 

The  evolution  of  individual  magnetic  marks  can  be  seen 
in  Fig.  7,  as  they  were  subjected  to  progressively  increasing 
temperatures  in  a  1.8  kOe  dc  external  field  from  a  permanent 
magnet.  These  images  correspond  to  their  final  room- 


temperature  configurations  after  recovering  from  the  elevated 
temperatures.  No  visible  perturbation  of  the  patterns  oc¬ 
curred  with  heating  until  about  150  °C  where  subtle  shape 
variations  became  evident.  The  onset  of  domain  movement 
produced  irregular  wall  boundaries  as  the  marks  deviated 
from  their  originally  circular  shapes.  This  clearly  suggests 
nonuniformity  on  a  local  scale  and  our  observations  are  in 
qualitative  agreement  with  theoretical  simulations  of 
“patchy”  amorphous  media  with  voids.15  This  inhomogene¬ 
ity  further  resulted  in  the  multidomain  character  of  indi¬ 
vidual  marks  and  caused  the  domains  to  collapse  at  different 
rates.  The  blue  and  red  arrows  indicate  the  locations  of 
marks  which  disappeared  at  155  °C  even  as  most  other 
marks  were  still  intact.  The  white  arrow  shows  direct  evi¬ 
dence  of  patterns  breaking  up  to  microdomains  which  shrink 
independently.  The  microdomains  had  diameters  less  than 
200  nm  wide  and  were  located  on  opposite  grooves.  The 
images  at  157  °C  and  higher  exhibit  the  final  states  of  do¬ 
main  disappearance.  In  general,  there  was  no  correlation  be¬ 
tween  erasure  characteristics  and  the  position  relative  to 
other  marks,  i.e.,  stray  magnetic  fields  did  not  influence  the 
stability  of  the  marks.  Just  prior  to  complete  erasure,  the 
image  at  157  °C  shows  that  all  remaining  domains  were 
those  attached  to  the  mechanical  grooves,  providing  direct 
evidence  that  wall  pinning  occurred  at  the  mechanical 
defects.  The  combination  of  reduced  film  thickness,  tilted 
easy  axis  and  increased  substrate  jaggedness  at  the  side  walls 
of  the  grooves  are  believed  to  be  responsible  for  retarding 
complete  domain  collapse  at  those  regions. 
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Single-crystal  iron  films  grown  epitaxially  on  (111)  silicon  were  studied  using  a  magnetic  force 
microscope  (MFM).  The  crystalline  anisotropy  easy  axes  ((100)),  directed  35°  out  of  the  film  plane, 
result  in  a  significant  magnetic  charge  density  at  the  film  surface  and  a  sixfold  symmetry  in  the 
energy  minima  of  the  system.  To  reduce  the  magnetostatic  energy  of  this  configuration,  an 
alternating,  stripe  domain  pattern  formed  in  samples  of  thickness  ranging  from  1240  to  315  nm. 

Because  of  the  wavelike  form  of  the  MFM  response  across  the  stripes,  two-dimensional  Fourier 
transforms  of  the  MFM  images  were  used  to  give  measures  at  the  domain  period,  i.e.,  the 
wavelength  of  the  stripes,  as  well  as  the  complexity  of  the  patterns.  The  stripe  domain  period  was 
found  to  be  approximately  equal  to  the  film  thickness  which  is  consistent  with  previous  theoretical 
predictions.  The  domain  patterns  of  the  films  in  various  remanent  states  and  progressive  stages  of 
the  magnetization  process  were  investigated  using  the  MFM  and  an  in  situ ,  variable  magnetic  field. 

A  MFM  tip  that  is  magnetically  soft  compared  to  the  iron  is  most  suitable  for  this.  Measurements 
of  the  domain  period  and  pattern  complexity  as  a  funciton  of  applied  field  were  correlated  with  bulk 
hysteresis  measurements.  ©  1996  American  Institute  of  Physics.  [S0021 -8979(96)62208-2] 
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We  have  used  a  magnetic  force  microscope  (MFM)  in  a  new  imaging  mode  to  study  domain  walls 
in  magnetite.  The  oscillation  amplitude  and  phase  of  a  vibrating  cantilever  were  recorded  versus 
cantilever  tip-sample  separation  at  each  point  in  an  x -y  raster  scan  of  a  conventional  MFM  image. 

Amplitude  and  phase  changes  of  the  MFM  cantilever  depend  on  the  topographic,  interferometric, 
damping,  and  magnetic  force  gradients  effects  the  cantilever  experiences.  For  small  scan  areas,  the 
magnetic  force  gradient  acting  between  the  tip  and  sample  could  be  separated  from  the  other 
interactions.  This  allowed  quantitative  extraction  of  the  magnetic  force  gradients  into  a 
three-dimensional  dataset  called  a  force  gradient  map  (FGM).  FGMs  were  made  over  a  number  of 
samples;  the  work  reported  here  focuses  on  domain  wall  structures  in  single  crystal  magnetite.  The 
results  of  previous  conventional  MFM  images  and  FGM  images  will  be  compared.  One  result  was 
that  the  apparent  resolution  of  the  MFM  tip  was  strongly  dependent  on  the  oscillation  amplitude  of 
the  cantilever  tip,  implying  that  this  must  be  considered  when  modelling  MFM  response.  The  data 
also  suggest  that  FGMs  may  provide  more  sensitive  tests  of  micromagnetic  models  than 
conventional  MFM  imaging  of  magnetite.  This  is  for  two  reasons:  (i)  as  mentioned  above,  FGMs 
allow  the  magnetic  signal  to  be  separated  from  the  topographic,  damping  and  interferometric  effects 
and  (ii)  because  FGMs  sample  the  interactions  between  the  tip  and  sample  at  a  variety  of  well 
defined  separations,  it  is  possible  to  identify  critical  micromagnetic  structural  length  scales.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)62308-7] 
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We  report  on  magnetic  force  microscopy  (MFM)  images  of  a  thin-film  magnetic  recording  head 
taken  using  batch  micromachined  silicon  tips  coated  with  nanocomposite  Fe60(SiO2)40  and 
Fe70(Si02)3o  films.  The  small  Fe  grain  size  (<10  nm)  and  dilute  Fe  volume  fraction  (0.29-0.4)  of 
these  granular  films  produce  tip  coatings  of  low  remanence  and  essentially  zero  coercivity,  reduced 
by  the  superparamagnetic  properties  of  these  films.  We  have  used  these  tips  to  obtain  MFM  images 
of  the  write  field  of  the  head  with  high  spatial  and  magnetic-field  resolution.  In  comparison  to 
images  taken  using  commercial  Co85Cr15-coated  tips,  these  MFM  images  show  reduced  tip  memory 
effects  and  clearly  delineate  the  gap  field  from  the  pole  pieces.  ©  1996  American  Institute  of 
Physics.  [S002 1-8979(96)57 108-8] 


Batch  fabrication  of  silicon  micromachined  cantilevers 
with  integral  tips1,2  coated  with  thin  magnetic  films  has  fa¬ 
cilitated  the  emergence  of  magnetic  force  microscopy 
(MFM)  as  a  qualitative  high-resolution  magnetic  imaging 
tool.3  Improvements  in  magnetic  tip  coatings  are  necessary, 
however,  to  extend  MFM  capabilities  to  imaging  stronger 
stray  fields  and  for  quantitative  field  measurements.  Typi¬ 
cally,  tips  coated  with  10-50  nm  of  a  magnetically  hard  ma¬ 
terial  (such  as  Co85Cr15)  are  used  for  MFM,  providing  high 
sensitivity  with  an  assumed  tip  magnetic  moment  m  which  is 
fixed  in  direction  and  magnitude.2  High-resolution  imaging 
of  high-coercivity  materials  and  current-biased  magnetic  re¬ 
cording  heads,  however,  can  subject  these  tips  to  fields 
higher  than  the  coercive  field  Hc  of  the  tip  coating,2  resulting 
in  a  time-dependent  m  and  generating  images  which  are  dif¬ 
ficult  or  impossible  to  interpret. 

One  alternative  is  to  use  tips  coated  with  a  ferromagneti- 
cally  soft  material  such  as  NiFe.1,4  The  tip  moment  m  is 
assumed  to  align  with  the  local  stray  field  B  and  have  a 
magnitude  equal  to  the  saturated  value  ms.  Unfortunately, 
the  shape  and  small  size  of  the  tip  can  change  the  domain 
structure  and  greatly  enhance  the  coercivity1  of  these  coat¬ 
ings,  producing  MFM  images  that  also  contain  artifacts  due 
to  hysteresis  of  the  tip  moment.  To  completely  eliminate 
memory  effects  from  MFM  images  requires  tips  which  have 
zero  hysteresis  over  the  operating  field  range. 

MFM  tips  coated  with  granular  magnetic  films  consist¬ 
ing  of  isolated  superparamagnetic  particles  (<10  nm)  would 
have  zero  remanence  and  coercivity,  resulting  in  images  with 
no  tip  memory  effects.  Unlike  NiFe  and  other  ferromagnetic 
coatings,  the  magnetic  properties  of  the  individual  particles 
in  the  superparamagnetic  films  should  not  be  altered  by  the 
shape  of  the  tip,  for  tip  radii  larger  than  the  particle  size. 
Sensitivity,  determined  by  m,  would  be  orders  of  magnitude 
larger  than  tips  coated  with  paramagnetic  films  and  in  strong 
magnetic  fields  could  approach  or  exceed  that  of  available 
ferromagnetic-coated  tips.  These  tips  might  also  be  useful  for 
nonperturbative  imaging  of  domain  patterns  in  low  coerciv¬ 
ity  films,5  due  to  the  lower  stray  fields  emanating  from  these 
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tips.1  In  contrast  to  the  assumed  fixed  moment  m  of  the 
ferromagnetic-coated  tips,  m  of  the  superparamagnetic  tips 
can  increase  with  field.  This  results  in  a  shorter  range  tip- 
sample  force  F=V(mB).  In  the  case  of  tips  of  extended 
geometry  where  the  forces  over  the  tip  volume  must  be 
summed,3  the  shorter  range  force  means  a  smaller  tip  volume 
contributes  to  the  signal.  This  leads  to  improved  resolution 
providing  the  tip -sample  force  yields  a  sufficient  signal- to- 
noise  ratio. 

We  have  coated  commercial  silicon  micromachined 
MFM  cantilevers  and  tips  with  granular  Fe-(Si02)  films. 
These  nanocomposite  films  consist  of  small  Fe  crystallites 
(3-7  nm)  in  an  amorphous  Si02  matrix.6”8  By  growing  films 
with  dilute  Fe  volume  fractions  p  of  0.29-0.4  we  have 
manufactured  Fe-(Si02)-coated  tips  that  show  no  noticeable 
tip  memory  effects  and  which  have  the  following  additional 
advantages  for  batch  MFM  tip  fabrication:  (1)  excellent  ad¬ 
hesion  to  silicon;  (2)  high  corrosion  resistance  and  wear  re¬ 
sistance;  (3)  the  deposition  process  can  be  scaled  up  for  coat¬ 
ing  entire  wafers;  and  (4)  the  magnetic  properties  can  be 
engineered  by  controlling  the  film  microstructure.6”8 

Cantilevers  with  spring  constants  k=  1  -5  N/m,  resonant 
frequencies /0  =  70- 89  kHz,  and  quality  factors  2 —  200  in 
air  were  rf  magnetron  sputter-coated  at  300  K  using  a  homo¬ 
geneously  mixed  composite  Fe-(Si02)  target  of  the  desired 
composition.8  As  listed  in  Table  I,  one  batch  of  six  cantile¬ 
vers  with  tips  was  coated  with  40  nm  (±10%)  of 
Fe70(SiO2)30  and  another  batch  was  coated  with  40  nm  of 
Fe60(SiO2)40 .  A  third  batch  of  commercial  Co85Cr15-coated 
tips2  was  also  used  in  this  study.  Variations  in  the  Fe  atomic 
percentages  are  less  than  5%.  Scanning  electron  micrographs 
of  the  Fe-(Si02)-coated  cantilevers  show  tip  end  radii  of 
50-100  nm. 

The  magnetic  data  in  Table  I  were  derived  from  Figs. 
1(a)  and  1(b),  which  show  the  volume  magnetization  M  ver¬ 
sus  applied  field  H  (in  plane)  for  the  three  different  films. 
The  Fe-(Si02)  data  were  taken  at  300  K  on  films  simulta¬ 
neously  deposited  with  the  tips  on  glass  coupons;  the  data 
were  normalized  to  the  saturation  magnetization  (1714 
kA/m)  of  pure  Fe  by  multiplying  by  the  volume  fraction  p. 
For  the  CoCr  data,  the  actual  coated  cantilever  substrate  was 
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TABLE  I.  Properties  of  MFM  tip  coatings.  Listed  for  the  three  films  are  the 
thickness  t  and  the  Fe  volume  fraction  p.  The  measured  coercivity  Hc  and 
remanence  Mr  are  from  Fig.  1. 


Coating 

t 

(nm) 

P 

Hc 

kA/m 

Hc 

(Oe) 

Mr 

(kA/m) 

Fe7o(Si02)3o 

40 

0.39 

0.08 

(1) 

4 

Fe6o(Si02)40 

40 

0.29 

1 

(13) 

6 

Co85Cr15 

40 

34 

(430) 

300 

measured  after  being  saturated  in  plane  with  a  160  kA/m 
field;  the  data  were  normalized  to  400  kA/m  (400  emu/cm3).2 
The  instrumentation  error  for  Hc  is  200  A/m  (2  Oe).  The 
measured  Hc  and  remanence  for  the  Fe-(Si02)  films  in  Fig. 
1(a)  are  very  small  but  nonzero.  The  nonzero  values  prob¬ 
ably  occur  because  a  small  fraction  of  the  Fe  forms  clusters 
larger  than  the  superparamagnetic  limit.6  In  the  absence  of 
clustering,  these  films  would  be  completely  superparamag¬ 
netic.  Major  and  minor  hysteresis  loops  for  CoCr  are  shown 
in  Fig.  1(b),  demonstrating  a  substantial  coercivity  and  rema¬ 
nence. 

Figures  2(a)  and  2(b)  are  10  jmm  scans  of  magnetic  force 
derivative3  and  topography,  respectively,  of  a  commercial 
thin-film  inductive  magnetic  recording  head.  The  images 
were  taken  simultaneously  as  described  in  Ref.  9  using  an 
Fe70(SiO2)30  -coated  tip  and  with  the  head  current  biased  at 
10  mA.  The  cantilever  was  vibrated  at  the  resonance  fre¬ 
quency  /0  with  a  30  nm  root-mean- square  (rms)  amplitude. 
Figure  2(a)  was  scanned  with  the  tip  100  nm  above  the  air 
bearing  surface  (ABS),  about  twice  the  designed  flying 
height  of  the  head  above  the  disk.  Plotted  in  Fig.  2(a)  is  the 
resonant  frequency  shift  A/  of  the  cantilever,  arising  from 
the  magnetic  force  F  between  the  tip  and  the  write  field  of 
the  head.  For  small  shifts,  A /  can  be  approximated  by  the 
expression  A /=  -  f0Ff/(2k ),  where  Ff  is  the  gradient  along 
the  tip  axis  of  the  axial  component  of  the  magnetic  force  F.2,3 
The  strongest  feature  in  Fig.  2(a)  occurs  at  the  gap  between 
the  two  NiFe  pole  pieces  where  the  field  (240-320  kA/m) 
and  its  spatial  derivatives  are  the  highest,  resulting  in  the 
strongest  attractive  tip -sample  force  and  largest  decrease  in 
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FIG.  1 .  Magnetization  vs  applied  field  H  at  300  K  with  H  in  the  plane  of  the 
films:  (a)  40-nm-thick  Fe70(SiO2)30  and  Fe60(SiO2)40  films  on  glass  coupons; 
(b)  commercial  cantilever  substrate  coated  with  40  nm  of  Co85Cr15. 
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FIG.  2.  10  fim  images  of  a  thin-film  inductive  magnetic  recording  head,  (a) 
MFM  frequency  shift  image  using  a  tip  coated  with  40  nm  of  Fe7o(Si02)30, 
a  100  nm  tip-sample  spacing,  and  10  mA  current  bias  of  the  head;  (b) 
simultaneous  topographical  image  showing  the  leading  (PI)  and  trailing 
(P2)  pole  pieces  and  the  0.2-yu.m-wide  gap;  (c)  MFM  image,  40  nm 
Fe60(SiO2)40-coated  tip,  10  mA  bias;  and  (d)  MFM  image,  40  nm 
Co85CrI5-coated  tip,  2  mA  bias.  The  contrast  scales  are  50  Hz,  50  nm,  10 
Hz,  and  70  Hz,  respectively. 

the  cantilever  resonant  frequency.  Contrast  can  also  be  seen 
around  the  edges  of  the  pole  pieces  where  fringing  fields  are 
present.  There  is  essentially  no  frequency  shift  in  the  body  of 
the  pole  pieces.  Figure  2(b)  is  the  sample  topography  and 
shows  polishing  scratches  across  the  0.2-/xm-wide  gap  and 
the  pole  pieces  PI  and  P2.  The  contrast  between  the  soft 
NiFe  poles  and  the  surrounding  harder  alumina  material 
arises  from  effects  due  to  the  polishing  process  and  magnetic 
forces  affecting  the  topographical  force  image. 

Figures  2(c)  and  2(d)  are  magnetic  images  taken  with 
Fe60(Si02)4o  and  CoCr-coated  tips,  respectively,  under  the 
same  imaging  conditions  as  Fig.  2(a).  The  head  was  biased  at 
10  mA  for  Fig.  2(c)  and  2  mA  for  Fig.  2(d).  Figure  2(c)  is 
similar  to  Fig.  2(a)  with  contrast  centered  at  the  gap;  how¬ 
ever,  the  signal  has  dramatically  decreased  by  roughly  a  fac¬ 
tor  of  10.  Figure  2(d)  was  taken  immediately  after  magnetiz¬ 
ing  the  CoCr  tip  in  an  external  field  of  700  kA/m  applied 
along  the  tip  axis.  This  image  is  qualitatively  different  from 
Figs.  2(a)  and  2(c)  because  of  the  substantial  coercivity  of 
the  CoCr  tip.  One  pole  piece  is  darker  than  the  other,  and 
near  the  center  of  the  gap  the  contrast  changes  from  dark  to 
light.  Unlike  Figs.  2(a)  and  2(c),  Fig.  2(d)  is  not  reproduc¬ 
ible,  and  depends  on  the  prior  magnetic  history  of  the  tip. 

Figure  2  can  be  better  understood  by  looking  at  indi¬ 
vidual  MFM  line  traces  taken  horizontally  across  the  center 
of  the  head  using  the  same  three  tips,  with  the  head  biased  at 
different  current  levels.  Each  trace  pictured  in  Fig.  3  is  an 
average  of  at  least  40  line  scans  and  shows  the  resonant 
frequency  shift  A /  of  the  cantilever  versus  position  of  the  tip 
over  the  head.  The  noise  in  each  line  scan  was  approximately 
0.2  Hz  rms.  The  gap  center  is  at  5  ±0.1  /urn.  The  traces  in 
Figs.  3(a)  and  3(b)  are  essentially  fiat  and  featureless  except 
near  the  gap,  where  the  largest  negative  frequency  shift 
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FIG.  3.  Line  traces  taken  horizontally  across  the  center  of  the  head,  with 
head  biases  shown:  (a)  Fe70(Si02)3o  tip;  (b)  Fe60(SiO2)40  tip;  and  (c) 
Cog5Crl5  tip  previously  magnetized  to  saturation  along  the  tip  axis.  The  gap 
is  located  at  5  /mi.  Arbitrary  offsets  were  used  to  display  the  traces.  The 
bottom  three  traces  in  (c)  have  been  reduced  by  50%  (X0.5). 


(A/max)  occurs.  The  frequency  shifts  are  primarily  negative 
denoting  an  attractive  tip-sample  force,  as  expected  for  a 
soft  tip.  The  response  of  both  Fe-(Si02)  tips  near  the  gap 
increases  with  increasing  current  bias  and  saturates  at 
roughly  4  mA  bias,  in  agreement  with  the  manufacturer’s 
specifications  of  the  head.  There  is  no  detectable  spatial  shift 
of  A/max  at  different  current  biases.  Also  expected  for  mag¬ 
netically  soft  tips,  the  scans  are  identical  for  opposite  current 
polarity  as  illustrated  by  the  ±  10  mA  traces.  There  is  a  small 
feature  at  ~9  fim  corresponding  to  the  fringing  field  on  the 
outside  of  the  PI  pole  piece.  The  smaller  features  in  Fig.  3(b) 
are  due  to  topography  and  interface  effects  in  the  optical 
detection.  All  traces  in  Figs.  3(a)  and  3(b)  were  reproducible, 
demonstrating  the  absence  of  tip  memory  effects  with  the 
Fe-(Si02)-coated  tips.  We  also  imaged  bits  on  longitudinal 
hard  disk  media  with  the  Fe70(SiO2)30  tips  and  found  that 
opposite  polarity  transitions  gave  equal  response.  The  sensi¬ 
tivity  of  the  Fe60(SiO2)40  tips  was  not  high  enough  to  image 
these  bits. 

Figure  3(c)  is  illustrative  of  a  CoCr  tip  while  imaging  an 
energized  head  whose  peak  field  exceeds  Hc  of  the  tip  coat¬ 
ing.  After  magnetizing  the  tip  as  for  Fig.  2(d),  the  second 
through  sixth  traces  were  taken  in  the  order  they  appear,  top 
to  bottom.  Finally,  the  top  trace  was  taken.  The  two  traces  at 
the  same  current  bias  of  +1.5  mA  are  not  identical  due  to 
hysteresis  of  the  tip  moment.  Traces  of  opposite  current  po¬ 
larity  (±1.5  and  ±  10  mA)  are  neither  identical  nor  show  odd 
symmetry  with  respect  to  the  gap.  This  lack  of  symmetry 
along  with  the  predominantly  attractive  tip-sample  response 
near  the  gap  at  higher  current  biases  suggest  that  the  CoCr 
tip  response  has  both  magnetically  hard  and  soft  compo¬ 
nents.  This  dual  nature  of  the  tip  makes  it  difficult  to  deter¬ 
mine  important  properties  of  the  recording  head  such  as  the 
precise  position  of  the  center  of  the  gap,  the  relative  write 


field  strengths  at  various  current  biases,  and  the  symmetry  of 
the  field  near  the  gap.  For  example,  there  is  a  spatial  shift  of 
0.2  /xm  for  A/max  for  the  second  and  third  traces  (±1.5  mA) 
in  Fig.  3(c),  a  shift  comparable  to  the  width  of  the  gap. 
Differences  between  prior  and  subsequent  MFM  images  of 
bits  on  a  hard  disk  confirmed  that  the  tip  moment  m  was 
changed  (written)  by  the  write  head. 

Figure  3  shows  that  the  tip  response  to  the  gap  field  is 
spatially  the  narrowest  for  the  Fe70(SiO2)30  tip.  We  can  quan¬ 
tify  this  from  the  line  traces  by  measuring  the  full  width  at 
half-maximum  (FWHM).  At  +2  and  +10  mA  biases  we 
measure  the  FWHM  for  the  Fe70(SiO2)30  tip  to  be  roughly 
430  and  500  nm,  for  the  Fe60(SiO2)40  tip  580  and  600  nm, 
and  for  the  CoCr  tip  500  and  600  nm,  respectively. 

As  mentioned  above,  the  presence  of  magnetic  forces 
can  cause  an  error  in  the  topographical  force  image  and  re¬ 
quires  that  a  correction  be  made  to  obtain  the  true  tip- 
sample  spacing  for  the  magnetic  image.  By  subtracting  the 
topography  of  the  unbiased  head  from  the  image  taken  at 
+ 10  mA  bias,  we  found  a  maximum  correction  near  the  gap 
of  approximately  +2,  +1,  and  +30  nm  for  the  Fe70(SiO2)30, 
Fe60(SiO2)40,  and  CoCr  tips  used  in  Figs.  2  and  3.  This  cor¬ 
rection  for  the  CoCr  tip  is  substantially  larger  than  the  true 
topographical  features  and  is  approaching  the  intended  100 
nm  tip-sample  spacing  for  the  MFM  image. 

In  conclusion,  MFM  images  taken  with  Fe70(SiO2)30  and 
Fe60(SiO2)40-coated  tips  show  substantially  reduced  tip  mo¬ 
ment  hysteresis  effects  compared  to  images  taken  with 
Co85Cri5-coated  tips.  Given  the  signal-to-noise  ratio  of  exist¬ 
ing  commercial  MFMs,  the  higher  sensitivity  of  the 
Fe70(SiO2)30  tips  makes  them  more  appropriate  than  the 
Fe60(SiO2)40  tips  for  imaging  the  write  field  above  heads. 
These  tips  should  also  be  useful  for  imaging  permanent  mag¬ 
net  materials  and  very  high-coercivity  media.  Optimization 
of  the  Fe  particle  size,  size  uniformity,  and  interparticle  sepa¬ 
ration  in  the  nonmagnetic  Si02  matrix  should  produce  films 
that  have  improved  superparamagnetic  properties.  This  will 
allow  thinner  coatings  with  higher  Fe  concentrations  on 
sharper  tips,  with  the  goal  of  simultaneously  improving  sen¬ 
sitivity  and  resolution. 
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Sensitive  detection  of  magnetic  field  distribution  using  scanning 
interference  electron  microscope  (invited)  (abstract) 

Y.  Yajima,  Y.  Takahashi,  K.  Kuroda,  and  Y.  Sugita 

Central  Research  Laboratory,  HITACHI,  Ltd.,  Kokubunji,  Tokyo  185,  Japan 

We  have  implemented  interference  imaging  mode  as  well  as  Lorentz  imaging  mode  on  a  scanning 
transmission  electron  microscope  (HITACHI  HF-2000  with  a  scanning  option;  200  kV  accelerating 
voltage).1  In  the  interference  mode,  a  pair  of  mutually  coherent  fine  probes  scan  simultaneously 
across  the  region  of  magnetic  induction.  By  monitoring  the  relative  phase  change  occurring  in  the 
probe  pair,  the  variation  of  the  magnetic  flux  bound  by  the  probe  trajectories  can  be  sensed  by  the 
universal  unit  of  e!h  ( — |e|:  electron  charge  and  h:  Planck’s  constant).  The  combined  use  of  this 
imaging  mode  with  the  Lorentz  mode  which  is  based  on  the  detection  of  the  probe  deflection  by 
Lorentz  force  facilitates  detailed  analyses  of  fringing  field  around  magnetic  materials  and  magnetic 
induction  inside  magnetic  films.  The  microscope  described  above  is  particularly  suited  for  the  study 
of  magnetic  storage  devices  whose  microscopic  magnetic  properties  are  drawing  much  attention 
recently.  We  show  here  the  results  of  its  application  to  the  observation  of  field  distributions  near  the 
MR  (magnetoresistive)  heads  and  induction  distributions  associated  with  high  density  longitudinal 
and  perpendicular  recording  media.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)62408-6] 
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Magnetization  reversal  process  in  TbCo-biased  spin  valves 

J.  N.  Chapman  and  M.  F.  Gillies 

Department  of  Physics  and  Astronomy,  University  of  Glasgow,  Glasgow  G12  8QQ,  United  Kingdom 

P.  P.  Freitas 

INESC,  R .  Alves  Redol  9-1,  1000  Lisbon,  Portugal 

The  magnetization  reversal  processes  in  the  free  and  the  pinned  layers  of  TbCo-biased  spin  valves 
have  been  studied  in  a  highly  modified  transmission  electron  microscope.  Reversal  of  the  free  layer 
in  the  presence  of  a  field  antiparallel  to  the  biasing  direction  proceeds  by  a  complex  domain  process 
with  360°  walls  forming  frequently.  In  the  presence  of  substantially  higher  fields,  the  pinned  layer 
reverses  by  creep  of  highly  irregular  walls  through  the  structure.  By  studying  image  grey  levels,  an 
estimate  of  the  average  orientation  of  the  induction  vector  in  the  TbCo  layer  is  made.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)57208-2] 


I.  INTRODUCTION 

Spin  valves  of  the  form  Ml/Cu/M2/TbCo  have  been 
grown  which  display  magnetoresistances  of  4%-8%  and 
sensitivities  of  >l%/Oe.1,2  For  the  work  reported  here  Ml 
and  M2  were  either  Permalloy  (Py)  or  Permalloy  with  ap¬ 
proximately  1.5  nm  of  cobalt  (Py/Co)  at  each  interface  with 
the  Cu  spacer  layer.  Typical  layer  thicknesses  were  6,  2.5,  6, 
and  10  nm  for  the  Ml,  Cu,  M2,  and  TbCo  layers,  respec¬ 
tively,  while  the  composition  of  the  TbCo  layer  lay  in  the 
range  32-35  at.  %  Tb.  The  enhanced  magnetoresistance  is 
found  when  the  magnetizations  in  the  free  (Ml)  and  pinned 
(M2)  layers  are  oppositely  directed;  for  our  samples  this  oc¬ 
curred  over  an  applied  field  range  from  ^10  to  ^250  Oe. 
Here  we  describe  how  Lorentz  microscopy  has  been  used  to 
study  the  magnetization  reversal  process  in  both  the  free  and 
the  pinned  layers.  The  former  relates  directly  to  the  noise 
behavior  when  the  spin-valve  material  is  used  as  a  sensor 
while  the  latter  provides  information  on  the  nature  of  the 
coupling  between  the  M2  and  TbCo  layers.  Essential  for  the 
experiments  undertaken  is  the  ability  to  form  magnetic  im¬ 
ages  at  high  spatial  resolution  with  the  specimen  subjected  to 
applied  fields  where  the  reversal  processes  of  interest  occur. 
This  has  been  achieved  using  a  highly  modified  Philips 
CM20  transmission  electron  microscope  optimized  for  the 
study  of  magnetic  materials.3,4 

II.  REVERSAL  OF  THE  FREE  LAYER 

Figure  1  shows  Fresnel  images  of  the  reversal  of  the  Ml 
layer  in  a  Py/Co  spin  valve  deposited  directly  onto  a  Si3N4 
window  substrate.  Domain  walls  appear  as  narrow  dark  and 
bright  bands  while  the  fact  that  there  is  significant  dispersion 
of  the  magnetization  within  the  domains  themselves  is  re¬ 
vealed  by  the  presence  of  ripple  contrast.  The  numbers  in  the 
top  left-hand  comer  of  each  image  give  the  applied  field  in 
Oe.  Note  that  magnetometry  confirms  that,  over  the  field 
range  shown  in  Fig.  1,  only  one  of  the  magnetic  layers  re¬ 
verses.  As  expected,  the  zero  field  state  [Fig.  1(a)]  is  single 
domain  as  a  result  of  weak  ferromagnetic  coupling  between 
Ml  and  M2.  The  ripple  enables  the  direction  of  magnetiza¬ 
tion,  denoted  by  the  white  arrow,  to  be  determined  and  fields 
in  this  sequence  were  applied  antiparallel  to  the  bias  direc¬ 
tion.  As  the  field  was  increased,  so  did  the  magnetization 
dispersion  until  at  a 


FIG.  1.  Fresnel  images  showing  the  magnetization  reversal  of  Ml.  Field 
values,  in  Oe,  are  given. 
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field  of  «11  Oe  [Fig.  1(b)]  magnetization  reversal  occurred 
over  a  few  small  areas  within  the  film.  Domain  boundaries 
tended  to  be  irregular  and  observation  of  the  microscope 
viewing  screen  showed  that  they  moved  jerkily  to  expand  the 
area  of  reverse  domains  [Fig.  1(c)].  Figures  1(d)-  1(f),  how¬ 
ever,  show  that  full  antiparallel  alignment  was  difficult  to 
achieve  due  to  the  large  number  of  360°  walls  which  formed 
in  the  final  stages  of  the  reversal  process.  These  structures 
proved  to  be  very  stable  and  fields  in  excess  of  100  Oe  were 
required  for  their  annihilation.  Reduction  of  the  applied  field 
[Figs.  1(g)— 1  (j)]  led  to  a  return  of  the  magnetization  in  Ml 
to  its  original  orientation.  It  was  observed  that  areas  which 
had  been  last  to  reverse  under  an  increasing  field  tended  to 
be  the  first  to  return  to  their  original  orientation  as  the  field 
was  reduced.  Once  again  complex  erratic  domain  structures 
were  involved  and,  while  the  majority  of  the  spin  valve  re¬ 
turned  to  its  original  parallel  state,  a  number  of  360°  walls 
remained  when  the  applied  field  was  removed  completely 
[Fig.  10)]. 

A  broadly  similar  reversal  mechanism  was  observed  for 
Py  spin  valves,  the  main  differences  being  that  magnetization 
dispersion  and  wall  irregularity  were  both  markedly  reduced. 
Thus,  as  with  spin  valves  pinned  by  FeMn,5  the  reversal  of 
the  so-called  free  layer  is  very  different  and  much  more  com¬ 
plex  than  that  of  an  equivalent  isolated  magnetic  layer  of  the 
same  composition  and  thickness.  The  coupling  introduced  by 
the  presence  of  the  M2  layer  clearly  modifies  the  domain 
processes  involved  and  acts  to  stabilize  highly  charged  struc¬ 
tures  such  as  360°  walls  whose  presence  is  less  common  in 
isolated  layers. 

III.  REVERSAL  OF  THE  PINNED  LAYER 

At  much  higher  fields  (^250  Oe),  where  the  Ml  layer  is 
fully  reversed  and  aligned  with  the  applied  field,  the  reversal 
of  magnetization  in  the  M2  layer  has  been  studied.  Figure  2 
shows  a  sequence  of  Fresnel  images  recorded  at  constant 
field  but  increasing  time.  The  reversal  proceeds  by  the 
“creep”  of  a  small  number  of  very  irregular  domain  walls 
through  the  M2  layer.  Figure  3  shows  a  higher  magnification 
image  from  which  it  is  apparent  that  changes  in  wall  direc¬ 
tion  occur  on  a  submicron  scale.  (Note  that  the  fine  approxi¬ 
mately  circular  structures  are  not  of  magnetic  origin.)  Wall 
irregularity  on  a  submicron  scale  is  not  usually  associated 
with  Py  films  and  is  indicative  of  the  strong  influence  being 
exerted  by  the  TbCo  to  which  M2  is  exchange  coupled. 
Variation  of  the  magnitude  of  the  field  changes  the  rate  at 
which  the  reversal  takes  place  but  not  the  mechanism.  Analy¬ 
sis  of  image  sequences  recorded  on  video  under  different 
applied  fields  suggests  that  there  exists  a  single  well-defined 
energy  barrier  which  must  be  overcome.6  The  M2  reversal 
mechanism  is  quite  different  from  that  of  Ml  and  also  from 
reversal  of  the  pinned  layer  in  FeMn-biased  spin  valves  re¬ 
ported  elsewhere.5 

Further  information  on  the  coupling  between  the  M2  and 
TbCo  layers  can  be  gleaned  from  the  use  of  differential 
phase  contrast  (DPC)  Lorentz  microscopy.7  The  advantage  of 
this  technique  is  its  high  linearity  which  allows  quantitative 
information  on  the  induction  distribution  to  be  derived.  Fig¬ 
ure  4(a)  shows  a  DPC  image  of  a  spin  valve  in  a  remanent 


FIG.  2.  Fresnel  images  showing  the  creep  of  an  irregular  domain  wall 
through  M2  under  constant  field  (^250  Oe). 

state  following  the  application  of  a  large  vertical  field.  Dif¬ 
ferent  grey  levels  are  observed  in  different  parts  of  the  image 
and  these  can  be  interpreted  with  the  help  of  Fig.  4(b).  Note 
that  the  orientation  of  magnetization  in  the  M2  and  TbCo 
layers  represents  a  simplification  of  models  discussed  in 
Refs.  1  and  8. 

Following  application  of  the  large  vertical  field,  Fig.  4(a) 
shows  that  the  in-plane  component  of  magnetization  in  dif¬ 
ferent  parts  of  the  pinned  layer  is  oppositely  directed.  Hence, 
domain  walls  are  present.  Well  away  from  the  interface,  in 


FIG.  3.  High-magnification  Fresnel  image  of  a  domain  wall  in  M2. 
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FIG.  4.  (a)  DPC  image  of  a  spin  valve  following  application  of  a  large 
vertical  field;  (b)  schematic  of  different  electron  trajectories  through  the 
induction  distribution  shown  in  (a). 


region  1  and  in  regions  4  and  5,  it  is  assumed  that  the  elec¬ 
trons  follow  paths  of  the  kind  denoted  “a”  and  “c,”  respec¬ 
tively,  in  Fig.  4(b).  The  grey  levels  in  the  DPC  image  corre¬ 
sponding  to  these  regions  are  characteristic  of  the  electron 
having  been  deflected  in  the  same  sense  by  the  magnetization 
in  Ml  and  M2  and  by  any  in-plane  component  of  magneti¬ 
zation  in  the  TbCo  layer;  however,  in  regions  close  to  the 
domain  boundary,  such  as  2  and  3  of  Fig.  4(a),  a  further  grey 
level  is  observed.  Here  we  surmize  that  while  there  is  weak 
coupling  between  Ml  and  M2  it  is  insufficiently  strong  for 
the  walls  in  the  two  layers  to  coincide  completely,  the  offset 
being  introduced  to  reduce  the  overall  magnetostatic  energy. 
Hence  the  deflection  experienced  by  the  electron  beam  as  it 
passes  through  such  regions  (path  “b”)  is  reduced  in  magni¬ 
tude  as  the  magnetization  directions  in  Ml  and  M2  are  op¬ 


positely  directed,  producing  a  cancelling  effect.  Comparison 
of  the  mean  grey  levels  from  the  three  different  types  of 
region  confirms  the  presence  of  an  in-plane  component  of 
induction  in  the  TbCo  and  allows  its  magnitude  to  be  calcu¬ 
lated.  Based  on  the  simplified  magnetization  distribution  of 
Fig.  4(b)  a  value  of  22°  to  the  vertical  is  deduced  for  the 
orientation  of  the  induction  vector  in  the  TbCo  layer  for  a 
spin  valve  whose  pinning  layer  contained  32  at.  %  Tb.  More 
rigorously  the  analysis  provides  a  measure  of  the  in-plane 
component  of  induction  throughout  the  TbCo  layer  averaged 
along  an  electron  trajectory.  A  value  corresponding  to  38%  of 
the  saturation  induction  is  obtained,  although  no  information 
can  be  derived  about  its  distribution  throughout  the  layer 
thickness. 

IV.  CONCLUSIONS 

The  ability  to  image  magnetic  structures  at  high  spatial 
resolution  in  a  magnetic  field  selected  by  the  experimenter 
has  allowed  us  to  investigate  in  detail  the  magnetization  re¬ 
versal  mechanisms  in  the  free  and  pinned  layers  of  TbCo- 
biased  spin  valves.  Use  of  different  Lorentz  imaging  modes 
allows  information  not  only  on  the  domain  geometry  but  also 
the  quantitative  distribution  of  induction  throughout  the 
structure  to  be  derived. 
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A  novel  approach  to  observe  the  interaction  between  magnetic  domain  wall  and  nanoscale 
microstructural  features  is  demonstrated.  The  method  is  based  on  Focault  mode  Lorentz  microscopy 
and  utilizes  a  Gatan  energy  image  filter  to  provide  additional  magnification.  A  postexperimental 
image  processing  technique  was  applied  to  separate  lattice  diffraction  from  that  induced  by 
magnetic  domains.  The  effect  of  NiFe  thickness  on  the  width  of  a  180°  Neel  wall  has  been  studied. 

It  was  found  that  the  thickness  dependence  has  a  similar  profile  to  the  theoretically  predicted  trend 
but  the  actual  wall  thickness  is  smaller  than  the  calculated  values.  ©  1996  American  Institute  of 
Physics .  [S002 1-8979(96)57308-6] 


I.  INTRODUCTION 

Magnetic  properties  of  materials  are  closely  associated 
with  the  magnetic  domain  configurations  and  the  interaction 
between  domain  walls  and  microstructural  features.  Tech¬ 
niques  such  as  Lorentz  microscopy  in  both  the  conventional 
and  scanning  transmission  mode,1,2  spin  polarized  scanning 
electron  microscopy,3  and  magnetic  force  microscopy4,5  have 
been  developed  to  address  these  issues.  However,  these  tech¬ 
niques  are  unable  to  resolve  the  microstructure-domain  inter¬ 
actions  on  a  nanoscale  such  as  those  in  thin  films.  In  this 
work,  we  report  on  a  novel  technique  utilizing  a  Gatan  en¬ 
ergy  image  filter  (GIF)  and  based  on  Focault  mode  Lorentz 
microscopy  which  can  resolve  both  fine  magnetic  domains 
and  microstructural  features.  A  schematic  of  the  GIF  unit 
attached  to  the  transmission  electron  microscope  (TEM)  is 
shown  in  Fig.  1.  In  the  present  study,  the  function  of  the  GIF 
is  twofold  as  follows. 

(1)  Conventional  Lorentz  microscopy  requires  a  field- 
free  objective  lens  which  generally  limits  the  image  magni¬ 
fication  to  3000  X.  The  magnetic  magnifying  lenses 
(X  18.75)  and  the  charge-coupled-device  (CCD)  camera 
(~X8)  contain  within  the  GIF  can  provide  additional  mag¬ 
nification  power  which  helps  achieve  a  theoretical  resolution 
of  1  nm  in  this  technique. 

(2)  The  elastically  scattered  electrons  which  have  under¬ 
gone  magnetic  phase  change  can  be  separated  from  the  in- 
elastically  scattered  electrons  by  using  the  energy  filter  slit. 
Hence,  a  higher  signal-to-noise  ratio  in  the  magnetic  image 
can  be  obtained.  We  have  applied  this  technique  to  study  the 
effect  of  film  thickness  on  the  180°  domain-wall  width  in 
sputter-deposited  NiFe  thin  films  in  order  to  demonstrate  the 
capacity  of  this  new  technique. 

IK.  EXPERIMENTAL  PROCEDURES 

Ni8iFe19  films  of  thicknesses  ranging  from  7  to  35  nm 
were  deposited  on  NaCl  substrates  by  rf  diode  sputtering. 
The  Ar  sputtering  gas  pressure  was  5  mTorr  and  a  forward 
power  of  50  W  was  used.  The  films  were  then  floated  off  the 
substrates  onto  3  mm  Cu  TEM  grids.  The  domain-wall  pro¬ 
files  and  domain  structures  were  studied  using  Focault  mode 
Lorentz  microscopy  inside  a  JEOL  4000EX  microscope  op¬ 


erating  at  400  kV  and  attached  to  a  GIF  unit.  Images  were 
recorded  with  a  CCD  camera.  Postexperimental  image  analy¬ 
sis  was  carried  out  with  the  interactive  data  language  (IDL) 
image  processing  software  so  that  the  interference  between 
magnetic  and  crystalline  diffraction  contrast  can  be  mini¬ 
mized  and  an  acute  domain-wall  profile  can  be  determined. 

III.  RESULTS  AND  DISCUSSION 

The  magnetic  domain  contrast  of  two  antiparallel  do¬ 
mains  in  a  28-nm- thick  NiFe  film  are  shown  in  Figs.  2(a)  and 
2(b)  along  with  the  corresponding  bright-field  (BF)  image  in 
Fig.  2(c).  The  location  of  two  reference  grains  is  marked  by 
arrows  in  the  respective  images.  The  average  grain  size  of 
the  lattice  diffraction  contrast  can  be  clearly  observed  in  the 
BF  image  which  enables  one  to  discern  the  grain  morphol¬ 
ogy  and  other  microstructural  features.  Hence,  any  interac¬ 
tion  between  domain  boundaries  and  fine  microstructural 
features  can  be  easily  made. 

In  the  Focault  mode,  the  displaced  aperture  intercepts 
one  of  the  magnetically  diffracted  beams  and  results  in  black 
and  white  contrast  within  the  TEM  image.  This  variation  in 
intensity  outlines  the  local  magnetization.  In  between  the 
magnetic  domains,  a  continuous  gray  contrast  which  repre¬ 
sents  the  extent  of  the  domain  wall  can  be  observed.  In  order 
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FIG.  1.  A  schematic  of  the  GIF  unit  in  relation  to  the  TEM. 
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FIG.  2.  (a),(b)  Lorentz  images  of  antiparallel  domains  in  a  28-nm-thick  thin 
film,  (c)  Corresponding  BF  image. 

to  determine  the  width  of  the  180°  Neel  wall,  an  integrated 
intensity  profile  across  the  image  and  perpendicular  to  the 
domain  wall  was  obtained  and  the  result  is  plotted  in  Fig.  3. 
This  profile  consists  of  three  linear  regimes  and  is  an  indirect 
representation  of  the  magnetization  direction  within  the  im¬ 
age.  The  wall  width  is  determined  by  the  intercepts  of  the 
three  linear  regions  as  shown  in  Fig.  3.  Similar  Lorentz  im¬ 
ages  for  a  90°  Neel  wall  in  the  same  specimen  are  depicted 
in  Fig.  4  and  reference  grains  are  marked  with  respect  to  the 
BF  image.  The  gray  regions  in  each  frame  represent  domains 
which  have  half  of  their  magnetization  component  blocked 
by  the  aperture  whereas  the  origin  of  the  black  and  white 
domains  is  similar  to  that  explained  above. 

The  Lorentz  images  that  have  been  shown  so  far  consist 
of  diffraction  contrast  of  both  crystalline,  i.e.,  granular,  and 
magnetic  nature.  Hence,  to  assess  the  most  appropriate  pro¬ 
file  of  the  domain  wall,  it  is  necessary  to  reduce  the  contri¬ 
bution  from  lattice  diffraction  within  the  image  to  a  mini¬ 
mum.  This  is  achieved  through  a  postexperimental  image 
processing  technique  and  the  path  taken  is  illustrated  in  Fig. 
5.  In  Figs.  5(a)  and  5(b),  an  as-exposed  Lorentz  image  is 
accompanied  by  its  BF  image,  respectively.  A  negative  or 
inverse  of  the  BF  image  is  shown  in  Fig.  5(c).  In  order  to 
curtail  the  effect  of  lattice  diffraction,  intensity  from  the  BF 


nm 


FIG.  3.  Intensity  trace  across  the  180°  domain  wall  in  28  nm  NiFe  film. 


FIG.  4.  (a)-(d)  Lorentz  images  of  90°  domains  in  a  28-nm-thick  NiFe  thin 
film  with  different  components  of  the  aperture  blocked,  (e)  Corresponding 
BF  image. 

negative  is  added  to  the  Lorentz  image  to  achieve  a  more 
uniform  contrast  and  the  final  processed  image  is  shown  in 
Fig.  5(d).  The  lattice  diffraction  within  the  white  domain  is 
reduced  but  not  completely  eliminated;  however,  the  contrast 
in  the  black  domain  has  deteriorated  modestly  after  the  im¬ 
age  processing.  The  intensity  profiles  across  the  180°  Neel 
wall  for  the  as-exposed  and  processed  images  are  shown  in 


FIG.  5.  (a)  Lorentz  images  of  a  28-nm-thick  NiFe  thin  film,  (b)  Correspond¬ 
ing  BF  image,  (c)  Inverse  of  BF  in  (b).  (d)  Processed  Lorentz  image  of  (a). 
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FIG.  6.  Intensity  profile  across  a  180°  domain  wall  in  a  28-nm-thick  NiFe 
film:  (a)  as  exposed  and  (b)  processed  images. 

Fig.  6.  The  reduction  in  the  intensity  variation  within  the 
white  domain  has  lead  to  a  better  definition  of  the  domain- 
wall  width.  By  combining  the  two  profiles,  the  180°  Neel 
wall  width  in  NiFe  films  of  various  thicknesses  has  been 
measured  and  the  results  are  plotted  in  Fig.  7.  The  depen¬ 
dence  of  wall  width  on  film  thickness  is  similar  to  the  theo¬ 
retical  profile6  but  the  actual  measured  values  are  smaller 
than  the  calculated  ones.  They  do,  however,  agree  with  other 
experimental  observed  values.7 

IV.  CONCLUSIONS 

The  dependence  of  180°  Neel  wall  width  on  the  thick¬ 
ness  of  NiFe  films  has  been  measured  by  high-resolution 
Focault  mode  Lorentz  microscopy.  This  new  technique  in¬ 
corporates  the  magnification  capacity  of  the  GIF  unit  and  has 


FIG.  7.  Plot  of  180°  NiFe  domain- wall  width  vs  film  thickness. 

been  demonstrated  to  achieve  image  resolution  in  the  na¬ 
nometer  range.  In  addition,  the  lattice  diffraction  contrast  can 
be  reduced  by  applying  postexperimental  image  processing 
technique  which  resulted  in  better  magnetic  contrast  and  a 
more  accurate  domain- wall  profile. 
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Micromagnetic  finite  element  calculations  using  a  magnetic  vector  potential  to  treat  long-range 
dipolar  interactions  describe  the  interactive  magnetization  processes  which  determine  the  magnetic 
properties  of  fine-grained  magnetic  materials.  Micromagnetic  models  give  a  quantitative  treatment 
of  the  correlation  between  the  microstructure  and  the  magnetic  properties  of  melt-spun  Nd2Fe14B 
magnets  and  of  Co/Pt  multilayers.  In  nanocrystalline  permanent  magnets,  intergrain  exchange 
interactions  cause  nonuniform  magnetic  states  which  increase  the  remanence  and  act  as  nucleation 
sites.  Remanence  increases  with  decreasing  grain  size.  Remanence  enhancement  of  about  15%  with 
respect  to  noninteracting  particles  can  be  achieved  for  an  average  grain  size  20  nm.  On  the  other 
hand,  the  nucleation  field  reduces  to  about  20%  of  the  anisotropy  field.  Once  a  reversed  domain  has 
been  nucleated,  strong  internal  stray  fields  cause  the  expansion  of  the  domain  over  several  grains. 

The  nucleation  field  of  Co/Pt  multilayers  increases  with  improving  texture.  Spatial  fluctuations  of 
the  magnetocrystalline  anisotropy  energy  create  barriers  for  domain  wall  motion.  The  pinning  field 
of  reversed  domains  increases  with  increasing  misalignment  and  with  increasing  grain  size.  The 
quality  of  texture  and  the  grain  size  significantly  influence  the  jaggedness  of  domains  in  Co/Pt 
multilayers.  Large  grains  and  strong  deviations  of  the  easy  directions  from  the  film  normal 
deteriorate  the  smoothness  of  domains  and  increase  the  transition  width.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)27308-3] 


I.  INTRODUCTION 

The  macroscopic  magnetic  properties  of  a  ferromagnetic 
material  result  from  the  microscopic  arrangements  of  mag¬ 
netic  moments.  The  distribution  of  the  magnetization  signifi¬ 
cantly  depends  on  the  microstructure  and  on  interparticle  in¬ 
teractions.  Since  micromagnetism  describes  magnetization 
processes  on  a  significant  length  scale  of  several  nanometers, 
micromagnetic  models  provide  a  quantitative  treatment  of 
the  correlation  between  the  microstructure  and  the  magnetic 
properties.  During  the  last  decade  numerical  micromagnetics 
has  become  an  important  tool  to  investigate  the  effects  of 
microstructural  features  on  the  magnetic  properties  of  mod¬ 
em  magnetic  materials.1"5 

Generally,  numerical  micromagnetic  models  addressed 
two  basic  problems:  (i)  the  calculation  of  the  switching  field 
in  particles  with  nonuniform  magnetic  ground  states,  and  (ii) 
calculation  of  the  effects  of  interparticle  interactions  on  the 
magnetic  properties.  The  nonlinear  micromagnetic  energy 
functional  allows  a  rigorous  calculation  of  nucleation  fields 
only  for  ellipsoidal  particles.6  Polyhedral  particles  show  non- 
uniform  demagnetizing  fields  and  in  turn  exhibit  inhomoge¬ 
neous  magnetic  states.  Bertram  and  Schabes7  numerically 
derived  nonuniform  reversal  modes  for  a  ferromagnetic  cube. 
Assuming  a  uniform  magnetization  within  the  individual  par¬ 
ticles,  Zhu1,2  and  Fukunaga8  studied  the  effects  of  interpar¬ 
ticle  interactions  on  the  magnetic  properties  in  magnetic  re¬ 
cording  media  and  in  permanent  magnets,  respectively. 

This  work  reviews  micromagnetic  concepts  for  the  cal¬ 
culation  of  interaction  effects  while  taking  care  of  nonuni¬ 


form  magnetic  states  within  single  particles.  In  order  to 
model  magnetic  inhomogeneities,  each  particle  has  to  be  di¬ 
vided  into  smaller  finite  elements.  On  the  other  hand,  collec¬ 
tive  processes  can  only  be  observed  for  a  sufficiently  high 
number  of  particles.  The  concurrent  modeling  of  nonuniform 
magnetic  states  and  of  interparticle  interactions  requires  a 
considerably  high  number  of  variables.  For  large-scale  prob¬ 
lems  the  direct  evaluation  of  the  stray  field  energy  becomes 
impracticable,  since  the  demagnetizing  field  at  a  given  point 
depends  on  the  magnetization  at  all  grid  points.  Introducing  a 
magnetic  scalar  or  a  magnetic  vector  potential  eliminates 
long-range  terms  from  the  micromagnetic  energy  functional.9 

Section  II  describes  the  micromagnetic  and  numerical 
background  of  the  simulation  model.  Section  III  treats  the 
magnetization  reversal  process  in  nanocrystalline  Nd2Fe14B 
magnets.  Section  IV  presents  three-dimensional  calculations 
of  the  magnetic  properties  and  the  domain  structures  in  Co/Pt 
multilayers. 

II.  NUMERICAL  MICROMAGNETICS  FOR  LARGE 
PARTICLE  SYSTEMS 

A  theoretical  treatment  of  magnetization  processes  starts 
from  the  total  magnetic  Gibb’s  free  energy.  If  one  neglects 
magnetoelastic  effects,  the  magnetic  Gibb’s  free  energy  T>, 
of  a  ferromagnetic  specimen  in  an  applied  field  is  the  sum  of 
the  exchange  energy,  the  magnetocrystalline  anisotropy  en¬ 
ergy,  the  stray  field  energy,  and  the  magnetostatic  energy  of 
the  magnetic  polarization  Js  in  an  external  field  Hext:10 
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3>f  =  3>ex+  <&K+  <t>s  +  <&H .  (1) 

For  uniaxial  magnetic  materials,  where  the  direction  of  Js 
may  be  described  by  the  angle  a  between  J5  and  the  easy 
axis  the  energy  contributions  are  given  by 

3>ex=  J  A{(V#)2  +  (V<p)2  sin2  &}d3r,  (2) 

3^=  J  {Kx  sin2  a  +  K2  sin4  a}d3r,  (3) 

-  \\  l  Kd  d3r=  yJ  H,  d3r,  (4) 

3>„=-J  Js-Hextrf3r.  (5) 


Here  ,  K2  are  the  anisotropy  constant,  and  A  is  the  ex¬ 
change  constant.  Using  the  polar  angle  (p  and  the  azimuth 
angle  #  to  represent  Js ,  automatically  fulfils  the  nonlinear 
constraint,  during  minimization.  A  second  nonlin¬ 

earity  arises  from  the  stray  field  energy  which  is  the  magne¬ 
tostatic  energy  of  Js  in  its  self-demagnetizing  field  .  All 
energy  terms  but  the  stray  field  energy  depend  only  locally 
on  the  magnetic  polarization.  The  long-range  terms  can  be 
eliminated  from  the  total  magnetic  Gibb’s  free  energy,  intro¬ 
ducing  a  magnetic  vector  potential  A.  The  micromagnetic 
energy  functional  can  be  written  in  the  following  form11 

m,Vx  A]  =  d>ex+d>^+a>H 

+i/(vxA-j',2A-'  w 

For  any  arbitrary  continuous  vector  A  which  decays  at 
infinity  at  least  as  fast  as  1/r,  the  last  term  of  Eq.  (6)  is  an 
upper  bound  for  the  stray  field  energy.  The  minimization  of 
Eq.  (6)  with  respect  to  and  A  leads  to  local  minima  which 
are  in  one  to  one  correspondence  to  those  of  the  total  mag¬ 
netic  Gibb’s  free  energy  (1)  and  makes  A  equal  to  the  actual 
magnetic  vector  potential. 

Since  the  functional  W[J^,VXA]  depends  only  on  local 
variables  and  their  derivatives,  its  minimization  can  be  easily 
performed  within  the  framework  of  the  finite  element 
method.  Fredkin  and  Koehler12  originally  applied  a  magnetic 
vector  potential  in  micromagnetic  finite  element  calculations, 
in  order  to  investigate  magnetization  processes  in  irregular 
shaped  particles. 

In  a  similar  way,  a  magnetic  scalar  potential  can  be  used 
to  eliminate  long-range  terms  from  the  total  magnetic  Gibb’s 
free  energy.  However,  introducing  a  magnetic  scalar  poten¬ 
tial  leads  to  a  saddle-point  problem.  Generally,  mixed  type 
finite  element  methods  associated  with  saddle  point  problems 
are  numerically  unstable  unless  special  discretization 
schemes  are  applied.13 

For  the  investigation  of  melt-spun  magnets,  we  assume  a 
geometry  where  the  easy  axes  of  the  grains  as  well  as  the 
magnetization  are  constrained  to  a  plane.  The  magnetization 
is  taken  to  be  uniform  in  the  direction  perpendicular  to  this 
plane.  Because  of  translation  symmetry  along  the  direction 
perpendicular  to  the  plane  containing  the  easy  axes,  only  in 
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plane  magnetization  processes  need  to  be  considered.  The 
magnetic  polarization  and  the  demagnetizing  field  depend 
only  on  two  Cartesian  coordinates.  Therefore,  the  vector  po¬ 
tential  A  reduces  to  a  one  component  potential.  Reference 
calculations  in  three  dimensions  show  that  this  two- 
dimensional  model  is  valid  for  nanocrystalline  magnets.14 

The  linear  interpolation  of  magnetization  angles  and  of 
the  magnetic  vector  potential  on  triangular  finite  elements 
gives  an  algebraic  minimization  problem.  A  preconditioned 
quasi-Newton  conjugate  gradient  method15  solves  for  the 
magnetization  and  the  magnetic  vector  potential  simulta¬ 
neously  at  all  nodal  points  of  the  finite  element  mesh.  The 
hysteresis  properties  directly  result  from  subsequent  mini¬ 
mum  energy  solutions  for  decreasing  and  increasing  applied 
fields.16  The  last  term  of  Eq.  (6)  is  an  integration  over  the 
whole  space  which  is  evaluated  using  the  “parallelepipedic 
shell  transformation”  proposed  by  Brunotte,  Meunier,  and 
Imhoff.17  This  bijective  transformation  maps  the  external 
space  into  a  shell  enclosing  the  parallelepipedic  interior  do¬ 
main.  Details  of  the  implementation  of  this  transformation  in 
a  three-dimensional  micromagnetic  finite  element  code  are 
given  in  Ref.  18.  In  two-dimensional  calculations  the  vector 
potential  reduces  to  a  one  component  potential  A— (0,0,  A  z) 
and  thus  all  terms  associated  with  Ax ,  Ay ,  vanish.  In  order  to 
validate  the  method,  the  authors  calculated  the  stray  field 
energy  of  a  uniformly  magnetized  cube  and  the  nucleation 
fields  of  ellipsoidal  particles.  The  relative  error  in  the  stray 
field  energy  was  found  to  be  less  than  2%. 18  The  same  accu¬ 
racy  was  obtain  for  the  nucleation  fields  of  ellipsoids  in 
three-dimensional  calculations  and  for  the  nucleation  fields 
of  infinitely  extended  elliptic  cylinders  in  two-dimensional 
calculations.  Since  the  nucleation  field  of  ellipsoids  depends 
on  the  shape  anisotropy,  these  results  verify  the  stray  field 
calculation  using  a  magnetic  vector  potential  and  a  spatial 
transformation  to  treat  the  external  space. 

Special  finite  elements  are  used  to  model  the  multilayer 
structure  in  Co/Pt  multilayer  recording  media.  Such  special 
elements  take  into  account  the  energy  but  have  no  volume.19 
Thus,  ill-conditioned  matrices  due  to  poor  aspect  ratio  vol¬ 
ume  elements  can  be  avoided.  Since  a  Co  layer  contains  only 
two  atomic  layers,  the  magnetization  is  assumed  to  be  con¬ 
stant  in  the  direction  of  the  film  normal.  The  stray  field  en¬ 
ergy  of  the  Pt  layer  can  described  in  the  very  same  way  as 
the  energy  of  a  thin  air  gap  in  magnetostatic  finite  element 
calculations.19  The  use  of  this  technique  is  justified,  because 
the  Pt-layer  thickness  is  considerably  smaller  than  the  do¬ 
main  width  which  is  in  the  order  200  nm.20  Figure  1  sum¬ 
marises  the  approximations  due  to  the  use  of  special  finite 
elements  for  modeling  Co/Pt  multilayer  systems.  In  order  to 
reduce  the  number  of  unknowns,  the  incomplete  gauge 
formulation,21  A-z=0  (z  is  the  film  normal),  is  used.  For  the 
calculations  periodic  boundary  conditions  are  applied  at  the 
edges  of  a  quadratic  sample.  A  coordinate  transformation  in 
the  direction  of  the  film  normal  maps  the  exterior  space  onto 
some  additional  layers  that  account  for  the  stray  field  energy 
in  the  exterior  space. 
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M(z)  =  const. 

„  z 

/h 


Pt-layer 


tPt  «  dw 

B(z)  =  const.,  Bx=  0,  By=  0 


FIG.  1.  Special  finite  elements  to  model  Co/Pt  multilayer  structures.  The 
Co-layer  thickness,  rCo ,  and  the  Pt-layer  thickness,  t?x ,  are  small  as  com¬ 
pared  to  the  domain  wall  width  of  Co,  Sw ,  and  the  extension  of  domains, 
dw ,  respectively. 


III.  NANOCRYSTALLINE  Nd2Fe14B  MAGNETS 

In  nanocrystalline  permanent  magnets  the  grain  diameter 
approaches  the  order  of  the  domain  wall  width.  Thus,  the 
magnetization  of  several  grains  becomes  strongly  correlated 
increasing  the  remanence  with  respect  to  noninteracting  par¬ 
ticles.  Several  authors22-24  reported  an  enhanced  remanence 
in  melt-spun  Nd-Fe-B  magnets  being  composed  of  nanoc¬ 
rystalline  homogeneous  grains  without  any  nonmagnetic 
phases  separating  adjacent  grains.  Owing  to  intergrain  ex¬ 
change  interactions  the  remanence  considerably  exceeds  the 
value 

Jr=Js( cos  0 ),  (7) 

given  by  the  Stoner- Wohlfarth  theory6  for  noninteracting 
particles.  Here,  6  is  the  angle  between  the  saturation  direc¬ 
tion  and  the  easy  axes  and  {  )  denotes  an  ensemble  average. 
According  to  Eq.  (7)  JrIJs~  0.5  for  an  assembly  of  noninter¬ 
acting,  randomly  oriented  particles,  whereas  J}JJS  is  Hit 
=0.64  for  micro  structures  with  in  plane  random  texture. 

Modeling  of  the  solidification  process  yields  realistic 
two-dimensional  microstructures  of  melt-spun  Nd-Fe-B 
magnets.25  The  particles  of  randomly  oriented  easy  axes  are 
coupled  by  short-range  exchange  and  long-range  magneto¬ 
static  interactions.  For  calculations  the  material  para- 
meters  of  Nd2Fe14B  at  7=300  K  [71=4.3X106  J/m3, 
/sT2  =0.65X  106  J/m3,  A=7.7X10"12  J/m,  4=1.61  T  (Ref. 
26)]  have  been  used.  The  grain  size  has  been  varied  between 
10  and  40  nm. 


D  =  1 0  nm  D  =  20  nm 


FIG.  2.  Nonuniform  magnetic  states  near  grain  boundaries  for  different 
average  grain  diameter  D.  The  shaded  areas  denote  the  regions  where  the 
magnetic  polarization  deviates  from  the  local  easy  axis  by  more  than  10° 
and  more  than  20°,  respectively. 

Figure  2  clearly  demonstrates  the  effect  of  intergrain  ex¬ 
change  interactions  on  the  magnetization  distribution  in 
nanocrystalline  permanent  magnets.  The  competitive  effects 
of  intergrain  exchange  interactions  and  magnetocrystalline 
anisotropy  cause  the  magnetization  to  deviate  from  the  local 
easy  axis  near  the  grain  boundaries.  The  emphasized  areas  in 
Fig.  2  indicate  the  regions  where  deviates  from  the  local 
easy  axes  by  more  than  10°  and  20°.  The  domain  wall  width 
SB  =  7 restricts  the  extension  of  magnetic  inhomoge¬ 
neities.  As  a  consequence  the  volume  fraction  of  the  nonuni¬ 
form  magnetic  states  becomes  smaller  for  larger  grain  size. 
Only  magnetic  moments  which  deviate  from  the  local  easy 


FIG.  3.  Demagnetization  curves  as  a  function  of  the  average  grain  diameter 
D.  The  circles  refer  to  the  stable  equilibrium  states  plotted  in  Fig.  4. 
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D  = 10  nm 


600  nm 


FIG.  4.  Spin  arrangements  (left-hand  side)  and  demagnetizing  field  (right- 
hand  side)  of  a  stable  equilibrium  states  for  different  average  grain  size.  (1) 
/z0//ext=1.45  T,  £>=10  nm;  (2)  ^0//ext=1.72  T,  D=10  nm;  (3) 
fi0Hcxt=lA5  T,  £>  =  40  nm;  (4)  ^0£fext=1.72  T,  £>  =  40  nm.  The  length  of 
the  arrows  on  the  right-hand  side  indicates  the  absolute  value  of  the  demag¬ 
netizing  field. 


axis  can  increase  the  remanence.  Therefore,  the  remanence 
of  nanocrystalline  permanent  magnets  deteriorates  with  in¬ 
creasing  grain  size.  The  enhancement  of  the  remanence  with 
respect  to  noninteracting  particles  changes  from  22%  to  6%, 
as  the  average  grain  diameter  varies  between  10  and  40  nm. 

Figure  3  compares  the  demagnetization  curves  for  in¬ 
creasing  grain  size.  The  coercive  field  varies  in  the  range 
from  Hc= 0.29 X  (2  Kx/Js)  to  Hc= 0.26X  (2  KX!JS)  and  thus 
is  significantly  smaller  than  the  Stoner-Wohlfarth  value  of 
0.48  (2  KxfJs).  Whereas  the  demagnetization  curve  for  a 
mean  grain  size  of  D—  10  nm  shows  several  small  steps,  the 
steps  become  larger  with  increasing  grain  size.  Intergrain  ex¬ 
change  interactions  and  strong  demagnetizing  fields  at  sharp 
comers  initiate  magnetization  reversal  in  the  vicinity  of  the 


FIG.  5.  Cross  section  of  a  Co/Pt  multilayer  structure  and  distribution  of 
perpendicular  anisotropy.  The  anisotropy  constants  of  the  top  Co  layer  are 
mapped  as  gray  scale  with  full  bright  referring  to  Ku~  1.6  MJ/m3  and  full 
dark  referring  to  Ku-2.\  MJ/m3. 

grain  boundaries.27  For  an  average  grain  size  of  10  nm,  the 
stray  field  energy  and  the  exchange  energy  are  approximately 
equal  in  magnitude.  Magnetization  reversal  remains  localised 
despite  strong  demagnetizing  fields  near  the  boundary  of  re¬ 
versed  domains,  because  the  reversal  of  neighboring  grains 
requires  to  overcome  an  energy  barrier  due  to  the  exchange 
energy.  The  exchange  energy  decreases  with  increasing  grain 
size  reaching  only  30%  of  the  stray  field  energy  for  D  =  40 
nm.  Magnetization  reversal  may  take  place  at  less  expense  of 
exchange  energy  and  thus  strong  demagnetizing  fields  easily 
expand  reversed  domains.  Figure  4  compares  stable  equilib¬ 
rium  states  at  different  external  field  for  D=  10  nm  and 
D  =  40  nm. 

IV.  Co/Pt  MULTILAYERS 

Co/Pt  multilayer  structures  are  excellent  candidates  for 
high-density  magneto-optic  recording  media.28  Besides  Lor- 
entz  electron  microscopy,29  micromagnetic  modeling  reveals 
the  effects  of  microstructural  features  on  the  magnetic  prop¬ 
erties  of  Co/Pt  multilayers.  Figure  5  characterizes  the  struc¬ 
tural  properties  of  the  multilayer  system  used  for  the  calcu¬ 
lations.  The  graphs  show  the  cross  section  of  the  multilayer, 
the  distribution  of  perpendicular  anisotropy,  and  the  grain 
structure.  The  maximum  deviation  angle  0  between  the  easy 
axis  and  the  film  normal  is  a  measure  for  the  texture.  The 
grains  in  different  layers  match  in  the  film  normal.  Both, 
easy  directions  and  perpendicular  anisotropy  constants  vary 
from  grain  to  grain  and  from  layer  to  layer.  The  shape  of 
each  layer  is  rectangular.  Periodic  boundary  conditions  are 
applied.  The  polarization  of  Pt  atoms  next  to  the  Co  layers 
increases  the  magnetic  polarization  per  unit  volume  Co  by 
about  30%. 30  A  nonvanishing  magnetic  polarization  in  the  Pt 
layers  gives  rise  to  weak  interlayer  exchange  coupling  in 
addition  to  magnetostatic  interactions.  Table  I  summarizes 
the  material  properties  used  for  the  simulations. 

Figure  6  presents  the  numerically  calculated  demagneti¬ 
zation  curves  for  three  different  microstructures.  The  curves 
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show  a  step  decrease  at  the  nucleation  field  owing  to  the 
formation  of  reversed  domains.  As  the  domain  wall  pinning 
becomes  the  governing  mechanism,  magnetization  reversal 
proceeds  with  a  finite  slope  of  the  demagnetization  curve. 
The  nucleation  field  decreases  from  sample  A  to  C.  Both, 
increasing  misalignment  and  increasing  grain  size  cause  a 
slight  reduction  of  the  nucleation  field.  Spatial  fluctuations  of 
the  magnetocrystalline  anisotropy  energy  from  grain  to  grain 
hinder  domain  wall  motion.  The  pinning  field  of  domain 
walls  increases  with  decreasing  quality  of  texture  and  with 
increasing  particle  size.  Figure  7  compares  the  domain  pat¬ 
terns  of  samples  A,  B,  and  C  at  different  applied  fields.  Mag¬ 
netization  reversal  starts  at  few  nucleation  sites.  The  succes- 


Hexl(kA/m) 

FIG.  6.  Demagnetization  curves  of  Co/Pt  multilayers  with  different  micro- 
structural  properties:  (A)  0=5°,  D=10  nm;  (B)  0—10°,  D- 20  nm;  (C) 
0=  10°,  D  =  30  nm.  The  numbers  refer  to  the  magnetization  patterns  given  in 
Fig.  7. 
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sive  expansion  of  reversed  domains  significantly  lowers  the 
stray  field  energy.  Numerical  calculations  for  sample  B  show 
that  an  initially  reversed  domain  of  about  10  nmdiam  leads 
to  the  growth  of  an  almost  circular  domain  with  an  extension 
of  240  nm. 

The  jaggedness  of  domain  walls  significantly  depend  on 
the  quality  of  texture  and  the  grain  size.  Figure  8  shows 
numerically  calculated  bubble  domains  for  samples  A,  B, 
and  C.  The  equilibrium  magnetic  states  have  been  calculated 
starting  from  an  initially  reversed  magnetization  within  a  cir- 


FIG.  7.  Domain  patterns  for  different  applied  fields  for  the  multilayer  struc¬ 
tures  A  (top  row),  B  (middle  row),  and  C  (bottom  row).  Full  bright  refers  to 
+  JS  and  full  dark  refers  to  —J5 .  The  numbers  indicating  the  value  of  the 
applied  field  refer  to  the  demagnetization  curves  of  Fig.  6. 
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FIG.  8.  Microstructural  properties  and  domain  jaggedness  in  Co/Pt  multi¬ 
layers.  Left-hand  side:  calculated  bubble  domains  for  the  multilayer  struc¬ 
tures  A  (top  row),  B  (middle  row),  and  C  (bottom  row).  Right  hand  side: 
averaged  wall  profiles  (solid  line)  and  standard  deviation  of  the  magnetiza¬ 
tion  (dashed  line). 


cular  region  of  300  nm  diam.  The  magnetization  component 
parallel  to  the  film  normal  has  been  averaged  over  36  radial 
directions,  in  order  to  calculate  the  wall  profiles  of  Fig.  8. 
Sharp  transitions  and  smooth  domain  walls  are  found  in 
sample  A.  The  transition  width  and  the  domain  wall  jagged¬ 
ness  increase  with  decreasing  quality  of  texture  and  increas¬ 
ing  grain  size. 

V.  CONCLUSION 

A  finite  element  method  using  a  vector  potential  to  treat 
long-range  dipolar  interactions  proved  to  be  effective  in  cal¬ 
culating  interactive  and  cooperative  magnetization  processes 
in  fine-grained  magnetic  materials.  Nucleation  of  reversed 
domains  and  subsequent  domain  wall  motion  determines  the 
hysteresis  properties  of  melt-spun  Nd2Fe14B  magnets  and 
Co/Pt  multilayers.  In  nanocrystalline  permanent  magnets  in¬ 
tergrain  exchange  interactions  enhance  the  remanence  and 
initiate  magnetization  reversal  under  the  influence  of  an  ex¬ 
ternal  field.  In  Co/Pt  multilayers  only  few  nucleation  sides 


are  sufficient  to  form  reversed  domains  with  an  extension  in 
the  order  of  300  nm.  The  pinning  field  of  domains  increases 
with  decreasing  quality  of  texture  and  with  increasing  grain 
size. 
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Simulation  of  three-dimensional  nonperiodic  structures  of  7r-vertical  Bloch 
line  and  2i^vertical  Bloch  line  in  magnetic  garnet 

M.  Redjdal  and  F.  B.  Humphrey 

Department  of  ECS  Engineering,  Boston  University,  44  Cummington  St.,  Boston,  Massachusetts  02215 

The  dynamics  of  three-dimensional  nonperiodic  structures  in  magnetic  garnet  have  been 
investigated  using  large  scale  numerical  simulations.  The  width  of  a  single  77-vertical  Bloch  line 
(7tVBL)  at  equilibrium  has  been  measured  to  be  twice  the  analytical  Bloch  line  width 
7t(A/2t7M2)1/2,  where  A  is  the  exchange  energy  constant  and  Ms  the  spontaneous  magnetization.  A 
277VBL  has  been  shown  to  be  1.5 X  wider  than  a  77VBL.  A  comoving  technique  is  used  to  track  a 
single  domain  wall  with  a  single  ttVBL  when  a  5  Oe  field  is  applied  perpendicularly  to  the  surface 
of  the  film.  At  dynamic  equilibrium,  the  VBL  to  wall  velocity  ratio  is  equal  to  ten,  smaller  than  the 
value  found  for  a  simulated  loosely  spaced  chain  of  ttVBLs.  A  2ttVBL  is  split  into  two  single 
7rVBLs  when  an  in-plane  field  is  applied  in  the  same  direction  as  that  of  the  center  spin  of  the 
277VBL.  No  motion  of  the  surface  spins  is  observed  for  the  first  10  ns  when  a  30  Oe  field  is  applied 
although  considerable  spin  distortion  occurs  in  the  wall  center.  When  the  field  is  turned  off  after  8 
ns,  the  relaxing  distortion  drives  the  surface  spins  apart.  The  containment  due  to  2 7 r  horizontal 
Bloch  line  formation  during  the  process  is  demonstrated.  ©  1996  American  Institute  of  Physics. 
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I.  INTRODUCTION 

Domain  wall  structures  in  magnetic  garnet  have  been 
investigated  using  a  large  scale  simulation  method.1  Bag- 
neres  et  al  showed  that  magnetization  distortions  play  a 
critical  role  in  the  dynamics  of  periodically  spaced  chains  of 
77- vertical  Bloch  lines  (77VBLS)  and  277VBLS  2-4  Patterson 
et  al  investigated  horizontal  Bloch  line  (HBL)  formation 
and  its  effect  on  wall  motion.5 

Most  of  the  analytical  investigations  of  the  static  and 
dynamic  characteristics  of  wall  structure  have  been  based  on 
a  periodic  arrangement  of  Bloch  lines  (BLs)  in  an  infinitely 
long  planar  wall.  Bloch  line  width  was  calculated  using  en¬ 
ergy  minimization6  and  by  balancing  exchange  and  demag¬ 
netizing  forces.7,8  The  equilibrium  distance  between  Bloch 
lines  is  in  the  order  of  V7 tAIMs  ,7  where  A  is  the  exchange 
energy  constant  and  Ms ,  the  spontaneous  magnetization.  No 
distinction  was  made  between  single  77VBL  and  27rVBL. 
The  dynamics  of  periodic  uncompressed  Bloch  lines  in  a 
planar  wall  with  infinite  length  yielded  a  VBL  to  wall  veloc¬ 
ity  ratio  equal  to  where  Q  is  the  quality  factor  and 

a,  the  damping  parameter.9  Using  numerical  simulation,  Na- 
katani  calculated  the  static  structure  of  a  77VBL  using  a  very 
coarse  three-dimensional  lattice  that  drastically  reduced  the 
effect  of  the  demagnetizing  field.10  Bagneres  used  a  much 
larger  computer  with  a  finer  lattice  to  show  that  a  77VBL 
structure  is  characterized  by  in-plane  angle  twists  with  a  277 
twist  at  one  surface,  a  77  twist  through  the  center  line  half¬ 
way  between  the  surfaces  and  no  twist  at  all  at  the  other 
surface.2 

In  this  article,  the  Landau-Lifshitz-Gilbert  (LLG)  equa¬ 
tion  is  solved  numerically  to  measure  the  widths  of  a  77VBL 
and  a  277VBL  in  a  single  domain  wall  at  equilibrium.  A 
77VBL  was  moved  gyrotropically  by  applying  a  field  perpen¬ 
dicular  to  the  surface  of  the  film.  A  co-moving  technique  is 
used  to  track  both  the  domain  wall  and  its  structure  so  as  to 
center  the  coordinate  system  on  the  structure.  A  277VBL  is 


split  into  two  single  77VBLS  by  applying  an  in-plane  field.  It 
is  shown  that  the  distortions  drive  the  VBLs  apart.  The  con¬ 
tainment  due  to  HBL  formation  slows  the  process. 

II.  TECHNIQUE 

The  simulations  were  perfoimed  by  solving  the  LLG 
equation  numerically  in  an  xyz  Cartesian  lattice  with  32 
X 256X32  nodes,  or  262  144  grid  points.  At  each  grid  point, 
the  simulation  takes  as  input  a  characterization  of  the  phe¬ 
nomenological  magnetic  parameters  exchange,  anisotropy, 
magnetostatic  interactions,  and  saturation  magnetization,  to¬ 
gether  with  an  initial  magnetization  distribution  and  pre¬ 
scribed  external  field.  Since  free  boundary  conditions  are 
used,  a  three-dimensional  fast  Fourier  transform  is  combined 
with  zero  padding  to  evaluate  the  demagnetizing  field  in  the 
isolated  sample.  The  simulations  were  performed  on  the 
Connection  Machine  system  CM5. 

Initial  magnetization  distributions  are  based  on  analyti¬ 
cal  solutions  for  the  azimuthal  angle  ©  and  in-plane  angle  'F. 
The  spin  system  is  relaxed  by  solving  the  LLG  equation  with 
zero  external  field.  The  equilibrium  is  reached  when  the  an¬ 
gular  velocity  of  the  fastest  spin  is  in  the  order  of  0.01  GHz 
which  implies  that  the  highest  effective  field  acting  on  any 
spin  in  the  system  is  no  more  than  0.2  Oe. 

A  co-moving  technique  is  applied  to  the  case  where  the 
domain  wall  (in  yz  plane)  with  a  single  77VBL  is  subjected  to 
a  constant  field  in  the  Z  direction.  A  predictor-corrector  al¬ 
gorithm  is  used  to  align  the  velocity  of  the  coordinate  system 
with  that  of  the  domain  wall  such  that  the  77VBL  is  always 
kept  in  the  center  of  the  viewing  frame.  Such  a  system  re¬ 
quires  that  the  wall  with  the  VBL  be  located  accurately  in 
both  the  x  (for  the  moving  wall)  and  y  direction  (for  the 
VBL).  The  instantaneous  velocity  of  the  domain  wall  is  di¬ 
rectly  tied  to  the  total  sum  of  Mz  spins  in  the  entire  sample. 
The  instantaneous  velocity  of  the  77VBL  is  calculated  using 
the  My  spin  component  of  the  magnetization  located  in  a 
region  that  contains  the  domain  wall  only.  The  wall  velocity 
and  77VBL  velocity  can  be  accurately  calculated.  The  simu- 
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FIG.  1.  In-plane  angle  if/  at  the  middle  of  the  wall  center  slice  as  a  function 
of  position  along  the  domain  wall;  (a)  ttVBL  and  (b)  27rVBL. 


FIG.  2.  Instantaneous  velocity  of  a  ttVBL  and  a  domain  wall  when  the 
domain  wall  is  driven  by  a  5  Oe  bias  field  (a;— 0.2).  The  dashed  curve  shows 
the  instantaneous  ttVBL  to  wall  velocity  ratio. 


lation  volume  is  0.32  /xmX2.56  /xmXl.28  /xm  with  a  nodal 
ratio  of  1:1:4.  The  maximum  integration  step  is  1  ps.  Typi¬ 
cally,  each  nanosecond  of  simulation  time  requires  about  1  h 
of  CPU  time. 

The  material  parameters  are  exchange  constant, 
A  =  3.0X  10“7  ergs/cm;  anisotropy  field,  Hk=  1860  Oe;  satu¬ 
ration  magnetization,  4tt  Ms=  452  G;  Gilbert  damping  con¬ 
stant,  a=0.2;  gyromagnetic  ratio,  y=-0.01  Oe”"1  ns"1. 

III.  RESULTS  AND  DISCUSSION 

The  equilibrium  magnetization  configuration  for  a  wall 
containing  a  single  7tVBL  or  27tVBL  has  been  calculated 
numerically.  Figure  1  shows  the  in-plane  angle  'VT  along  a 
line  in  the  middle  of  the  sample  and  the  wall  center  slice. 
The  wall  center  slice  is  represented  by  the  wall  surface  for 
which  the  magnetization  component  Mz  is  zero.  The  center 
spin  line  is  represented  by  a  line  of  spins  midway  between 
the  surfaces  of  the  material.  For  7tVBL,  the  center  spin  un¬ 
dergoes  a  180°  rotation  starting  at  the  domain  wall  with  one 
chirality  and  ending  at  the  domain  wall  with  the  opposite 
chirality.  The  27tVBL  starts  and  ends  in  domain  walls  with 
the  same  chirality  through  a  360°  rotation  of  its  center  spin. 
The  width  is  determined  by  extrapolation  of  the  linear  por¬ 
tion  of  the  curve  to  0°  and  180°  for  the  7rVBL  and  to  0°  and 
360°  for  the  27tVBL.  The  simulated  width  is  0.41  /xm  for  a 
7rVBL  and  0.59  /xm  for  a  27tVBL. 

The  ttVBL  simulated  value  compares  better  with  the  cal¬ 
culated  equilibrium  distance  of  0.27  /xm  for  the  periodic  ar¬ 
rangement  of  Bloch  lines7  and  Hayashi’s  simulated  7tVBL 
(Ref.  10)  than  with  the  analytical  result  based  on  Bloch  line 
width  parameter.6  According  to  Thiaville,11  the  measured 
7tVBL  width  is  0.45  /xm  in  a  7  /xm  thick  sample.  These 
results  suggest  that  the  7tVBL  width  is  independent  of  the 
thickness  of  the  material. 

Figure  2  shows  the  instantaneous  velocity  and  the  veloc¬ 
ity  ratio  of  a  77VBL  and  a  domain  wall  for  the  first  60  ns  of 
motion  under  the  influence  of  a  5  Oe  field  normal  to  the 
surface  of  the  material.  It  can  be  seen  that  the  wall  velocity 
develops  a  slight  overshoot  then  settles  to  a  steady  state  ve¬ 
locity  after  ~20  ns.  However,  the  77VBL  takes  twice  as  long 
to  reach  steady  state  motion  after  undergoing  a  relatively 
large  oscillatory  transient  state.  Finally,  a  steady  state  veloc¬ 
ity  ratio  of  10  is  reached  after  60  ns.  For  loosely  spaced 
periodic  chains  of  7tVBLs,  Bagneres4  measured  a  VBL  to 


wall  velocity  ratio  of  14.  We  measure  a  smaller  velocity  ratio 
presumably  because  the  motion  of  a  single  7tVBL  is  slowed 
by  the  curvature  inherent  to  the  presence  of  the  single  VBL 
structure  in  a  plane  wall.  This  makes  the  velocity  ratio  even 
further  from  the  analytically  predicted  value  of  16  for  un¬ 
compressed  BLs  in  a  planar  wall.9 

Figure  3  shows  the  contours  of  in-plane  angle  i/j  of  the 
magnetization  in  the  wall  center  slice.  The  contour  lines  cor¬ 
respond  to  ±15°,  ±45°,  ±75°,  ±105°,  ±135°,  and  ±165° 
for  iff.  The  in-plane  angle  ijj  is  0°  or  180°  in  the  direction 
perpendicular  to  the  wall.  These  values  are  shown  by  the 
dotted  lines  in  the  shaded  areas  which  represent  regions 
where  the  magnetization  is  within  ±  15°  of  the  direction  per¬ 
pendicular  to  the  wall.  In  the  light  shaded  areas  close  to  the 
center  along  the  wall,  the  magnetization  lies  within  ±15° 
from  the  direction  parallel  to  the  wall. 

Figure  3(A)  shows  a  section  of  the  wall  slice  center,  2.56 
/xm  long,  with  a  single  27rVBL  at  equilibrium.  The  27tVBL 
has  a  27 r  twist  at  all  levels  through  the  thickness  of  the  ma¬ 
terial  with  a  notable  compression  of  the  twist  at  both  sur¬ 
faces.  For  convenience,  the  distance  between  the  dotted  lines 
is  defined  as  the  “half- width.”  It  can  be  seen  that  the  con¬ 
tours  are  very  regular  and  symmetric  in  the  surrounding  do¬ 
main  walls.  The  in-plane  angle  if/  varies  at  a  rate  close  to  6° 
per  node  along  the  wall  and  through  the  thickness  of  the 
wall. 


FIG.  3.  Contours  of  the  magnetization  in-plane  angle  if/  in  the  wall  contain¬ 
ing  a  277-VBL  for:  (A)  the  initial  state,  (B)  after  8  ns  when  an  in-plane  field 
of  30  Oe  has  been  applied,  (C)  almost  at  equilibrium  at  100  ns  after  the  field 
was  turned  off  at  8  ns. 
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FIG.  4.  27tVBL  half-width  as  a  function  of  time  when  a  30  Oe  pulse  field  is 
applied  for:  (a)  5  ns,  (b)  8  ns,  (c)  9.5  ns,  and  (d)  30  ns. 

When  a  30  Oe  in-plane  field  is  applied  in  a  direction 
opposite  to  the  chirality  of  the  domain  walls  but  in  the  same 
direction  as  that  of  the  center  spin  of  the  2rrVBL,  the  con¬ 
tours  become  distorted.  It  can  be  seen  that  after  8.0  ns,  as 
shown  in  Fig.  3(B),  most  of  the  distortion  takes  place  at  the 
center  of  the  wall  while  the  compressed  twists,  weighing 
down  the  domain  wall  at  the  surfaces,  appear  not  to  have 
moved.  Horizontal  Bloch  lines  form  in  the  surrounding  do¬ 
main  walls  where  the  spins  undergo  a  supplementary  twist¬ 
ing  due  to  the  in-plane  field.  The  pulse  field  is  turned  off  at 
8.0  ns.  As  the  structure  relaxes  toward  its  equilibrium  state, 
HBLs  disappear.  Slowly,  the  2-7tVBL  structure  splits.  Figure 
3(C)  shows  the  equilibrium  configuration  at  a  simulation 
time  of  100  ns  or  82  ns  after  the  field  is  turned  off.  The 
separation  distance  is  1.5  /zm,  about  three  times  a  rrVBL 
width.  Bagneres  et  al.  measured  a  separation  equilibrium  dis¬ 
tance  equal  to  1.2  ,ujm  for  a  loosely  spaced  and  periodic 
chain  of  7tVBLs.2 

Figure  4  shows  the  half-width,  distance  between  the  cen¬ 
ter  positions  of  the  compressed  twists  at  the  surfaces,  as  a 
function  of  time  for  a  27rVBL  when  a  30  Oe  in-plane  field  is 
applied.  In  curve  (a),  the  pulse  field  is  applied  for  5  ns.  The 
compressed  twists  show  no  movement  during  this  time  or  for 
the  first  10  ns.  They  start  moving  apart  between  10  and  15  ns 
with  no  field  applied,  settle  at  a  plateau  of  0.7  /zm  until  ~65 
ns,  and  finally  settle  back  to  the  equilibrium  configuration  at 
70  ns  without  splitting  the  2rrVBL.  Curve  (b)  shows  the 
results  when  the  pulse  field  is  8  ns  long.  It  shows  similar 


behavior  to  case  (a)  for  the  first  15  ns  but  the  compressed 
twists  break  apart  around  19  ns,  undergo  an  oscillatory  be¬ 
havior  and  then  proceed  further  apart  to  split  the  2ttVBL. 
Again,  all  motion  is  observed  when  no  field  duration  is  ap¬ 
plied.  Similarly,  in  curve  (c),  for  which  the  pulse  field  is  9.5 
ns,  the  compressed  twists  settle  at  an  equilibrium  distance 
close  to  1.5  ii m:  the  splitting  of  the  structure  into  two  single 
7tVBLs  has  taken  place.  Curve  (d)  shows  the  half-width 
when  the  in-plane  field  is  applied  continuously.  It  can  be 
seen  that  curves  (b)  and  (c)  are  similar  to  curve  (d)  between 
10  and  20  ns  although  (d)  has  a  field  applied  while  (b)  and 
(c)  have  none.  The  formation  of  HBLs  in  the  domain  walls, 
on  each  side  of  the  2rrVBL  structure,  presumably  contributes 
to  the  containment  of  the  latter.  It  implies  that  the  distortions 
inside  the  structure  are  balanced  by  the  formation  of  HBLs 
for  the  duration  of  the  transient  phase. 

IV.  CONCLUSION 

It  is  shown  that  equilibrium  structures  of  7tVBLs  and 
2irVBLs  are  distinct.  The  2irVBL  is  only  1.5  X  wider  than  a 
rrVBL  instead  of  twice.  A  velocity  ratio  of  10  was  measured. 
This  ratio  is  lower  than  the  analytically  predicted  value  of  16 
for  uncompressed  Bloch  lines.  It  was  also  demonstrated  that 
in  splitting  a  2rrVBL,  it  is  as  easy  to  use  the  distortions  due 
to  a  short  pulse  as  using  a  field.  The  containment  due  to 
horizontal  Bloch  line  formation  slows  down  the  process. 
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Co-Cr-Ta  thin  film  media  produced  by  transfer  deposition  are  known  to  be  highly  anisotropic. 
Earlier  experimental  work  shows  these  films  achieve  the  maximum  theoretically  possible  SI  in  the 
parallel  direction  but  small  deviation  from  zero  transverse  to  the  sputtering  direction.  A  thin  film 
micromagnetic  model  has  been  extended  to  simulate  this  highly  anisotropic  behavior.  It  was  found 
that  anisotropic  exchange  coupling  was  insufficient  to  account  for  the  anisotropic  behavior.  Good 
agreement  with  experiment  has  been  obtained  using  an  approach  which  modifies  the  exchange 
coupling  and  the  magnetostatic  interaction.  The  large  values  of  SI  are  ascribed  to  difficulties  in  the 
production  of  the  ac  demagnetized  state.  ©  1996  American  Institute  of  Physics . 
[S0021~8979(96)27508-X] 


I.  INTRODUCTION 

Transfer  deposition  has  the  advantage  that  it  is  a  continu¬ 
ous  method  of  production.  However,  sputtered  Co-Cr-Ta 
thin  film  media  prepared  by  transfer  deposition  have  been 
shown  to  be  highly  anisotropic  from  the  SI  curves  parallel  to 
and  transverse  to  the  transfer  direction.1  Furthermore,  mea¬ 
surements  of  modulation  of  the  read/write  performance  of 
disks  show  the  anisotropy  is  strongly  dependent  upon  the 
track  orientation2  although  this  has  not  been  related  to  the 
magnetization  processes  within  the  film.  The  motion  of  the 
substrate  past  the  sputtering  target  leads  to  the  formation  of  a 
“bowed  columnar  structure”  in  the  transfer  direction  which 
leads  to  the  high  planar  anisotropy.1 

We  have  attempted  to  simulate  the  anisotropic  behavior 
by  studying  the  effects  of  the  model  parameters  which  are 
dependent  upon  the  microstructure.  The  best  description  of 
the  experimental  data  is  found  by  introducing  a  small  anisot¬ 
ropy  in  the  microstructure  resulting  in  an  anisotropy  of  both 
the  exchange  and  the  magnetostatic  coupling. 

II.  MICROMAGNETIC  MODEL 

A  thin  film  micromagnetic  model  which  includes  aniso¬ 
tropy,  Zeeman,  magnetostatic  and  exchange  energy  for  N 
grains  on  a  hexagonal  lattice3  has  been  extended  to  study  the 
origins  of  the  difference  in  remanence  properties  between  the 
parallel  and  transverse  directions. 

In  an  initial  study,  “anisotropic  exchange  coupling”  was 
introduced  to  account  for  the  anisotropic  behavior,  but  de¬ 
spite  giving  the  correct  bulk  properties,  this  was  insufficient 
to  account  for  the  maximum  SI. 

In  the  magnetic  layer,  the  bowed  columnar  structure 
causes  a  larger  grain  area  to  be  in  contact  with  adjacent 
grains  along  the  transfer  direction  whereas  transverse,  the 
grains  will  be  less  affected.  In  the  simulation,  this  has  been 
interpreted  as  reduced  interactions  (both  magnetostatic  and 
exchange)  in  the  transverse  direction  and  has  been  incorpo¬ 
rated  into  the  model  by  expanding  the  lattice  in  the  trans¬ 


verse  direction.  We  use  an  exchange  coupling  term  based  on 
that  introduced  by  Zhu  and  Bertram,4  modified  by  Walmsley 
et  al.5  which  includes  a  separation  term  to  allow  for  irregular 
structures. 

III.  RESULTS 

An  extensive  series  of  computations  has  been  carried  out 
which  cannot  be  completely  reported  here  because  of  space 
limitations.  Instead,  we  report  those  data  which  were  instru¬ 
mental  in  leading  to  a  good  theoretical  description  of  the 
experimental  data.  Although  the  fit  cannot  be  considered 
completely  unambiguous,  the  hypothesis  involved  seems  rea¬ 
sonable  and  the  model  predictions  lead  to  experimentally 
verifiable  predictions,  particularly  the  importance  of  ac  era¬ 
sure  in  SI  measurements. 

The  thin  film  was  represented  by  56X68  grains  on  a 
hexagonal  lattice.  The  grain  diameter  and  thickness  are  in  the 
range  40-50  nm. 

A  relatively  small  expansion  (<10%)  was  required  to 
provide  sufficient  anisotropy.  For  a  strongly  interacting  sys¬ 
tem  though,  this  gave  an  unrealistic  longitudinal  squareness 
(>0.99)  so  10%  of  the  grains  (chosen  at  random)  were  con¬ 
sidered  exchange  decoupled  to  reduce  the  squareness,  which 
had  negligible  effect  on  the  co-operative  behavior  of  the  film. 

Hysteresis  loops  have  been  computed  for  both  in-plane 
orthogonal  directions  for  5  degrees  of  exchange  coupling, 
C*=0.0,0.1,...,0.4  and  three  interaction  field  parameters, 
fy-0.2,  0.4,  and  0.6.  The  parameter  h{  controls  the  magneto¬ 
static  energy  and  is  defined  as  h^—HfH^  where 
H^MfVld?  with  d  the  grain  diameter  (prior  to  expansion). 
Loops  were  computed  for  two  expansion  factors,  Ey=  1% 
and  5%,  but  results  presented  here  are  with  the  latter  only. 

Figure  1  shows  the  squareness  for  the  parallel  and  trans¬ 
verse  directions  for  Ey= 5%  and  the  three  interaction  field 
parameters  as  a  function  of  exchange  coupling.  For  each 
curve  there  is  an  increase  of  squareness  with  C*,  as  ex¬ 
pected.  The  small  transverse  expansion  gives  rise  to  a  sig¬ 
nificant  anisotropy  in  the  magnetostatic  interactions.  This  is 
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FIG.  1.  Effect  of  exchange  coupling  on  squareness  for  the  two  orthogonal 
directions. 


reflected  in  the  squareness  which  is  enhanced  parallel  and 
decreased  transverse  by  the  magnetostatic  interactions.  The 
coercive  states  from  the  two  orthogonal  directions  are  very 
different.  In  the  parallel  direction,  stripe  domains  dominate 
along  the  field  direction  because  of  the  large  exchange  cou¬ 
pling  and  the  reduced  demagnetizing  effect  of  nearest  neigh¬ 
bors.  Transverse,  the  magnetic  microstructure  consists  of 
vortices  which  are  formed  to  reduce  the  stray  field. 

A  high  degree  of  exchange  coupling  together  with  a 
large  magnetostatic  term  is  required  to  give  the  strong  co¬ 
operative  reversal  which  occurs  experimentally.  In  fact,  with 
C*= 0.4,  ht— 0.6  and  a  5%  expansion,  the  hysteresis  loops 
are  in  good  agreement  with  experimental  data  in  both  paral¬ 
lel  and  transverse  directions. 

With  these  parameters,  the  dc-demagnetization  curves, 
ac  erased  states,  and  IRM  curves  were  computed.  Experi¬ 
mentally,  samples  were  demagnetized  by  rotation  in  a  slowly 
reducing  dc  field  and  further  demagnetized  by  slowly  mov¬ 
ing  across  a  bulk  eraser.  If  the  measured  sample  moment  was 
too  large,  the  process  was  repeated  a  number  of  times  until  it 
fell  below  1%  of  saturation.  Difficulty  in  obtaining  a  demag¬ 
netized  state  in  the  simulation  was  also  experienced.  We 
have  developed  a  technique  for  ac  erasure  based  on  simu¬ 
lated  annealing,  described  more  fully  in  Ref.  3,  which  as¬ 
sumes  that  the  ac  erased  state  is  the  magnetic  ground  state. 
The  final  ac  erased  state  is  strongly  dependent  upon  the  rate 
of  annealing.  A  slow  annealing  schedule,  corresponding  to 
carefully  erasure,  has  previously  been  followed3  which  leads 
to  a  demagnetized  state  with  low  system  energy  which  is 
well  correlated,  with  the  formation  of  large  scale  structures 
in  the  magnetic  state.  An  increased  annealing  rate  leads  to  a 
higher  system  energy,  shorter  range  correlations  and  less 
well  correlated  regions. 

The  ac  erasure  was  carried  out  at  four  rates  of  erasure. 
The  average  grain  energy  for  each  erased  state  for  increased 
annealing  rate  was  —6.9,  -6.5,  —6.3,  and  -6.1  kV,  the  in¬ 
crease  in  energy  being  consistent  with  increasing  imperfect 
demagnetization.  A  section  of  the  final  erased  state  for  the 
slowly  annealed  is  given  in  Fig.  2(a)  and  the  most  rapidly 
annealed  in  Fig.  2(b). 

Figure  3  shows  the  IRM  curves  for  the  four  ac  erased 
states.  The  small  sample  size  of  3808  grains  causes  large 
changes  in  the  IRM  and  hence  SI  curves.  In  order  make  the 
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FIG.  2.  Section  of  two  ac  erased  states  for  (a)  slowly  (b)  rapidly  annealed. 


interpretation  of  these  curves  easier  but  without  changing 
their  form,  a  moving  average  over  three  field  steps  was  per¬ 
formed.  The  IRM  curves  are  all  zero  in  small  fields  indicat¬ 
ing  the  stability  of  the  ac  erased  state.  The  highest  energy 
erased  state  reaches  saturation  remanence  at  the  lowest  field 


-(a) -(b) -(c) -(d) 


FIG.  3.  IRM  curves  from  four  ac  erased  states. 
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FIG.  4.  Corresponding  SI  curves. 


with  others  reaching  it  at  larger  applied  fields.  Using  these 
IRM  curves,  the  SI  curves  were  calculated  and  are  given  in 
Fig.  4. 

Due  to  the  strong  exchange  coupling  which  allows  the 
sample  to  resist  a  large  negative  applied  field,  all  the  SI 
curves  are  positive,  but  the  maximum  SI  of  2  (required  for 
complete  agreement  with  experiment)  is  achieved  only  by 
the  highest  energy  sample.  The  other  samples  which  are  of 
lower  energy,  reach  saturation  remanence  at  a  field  below 
which  the  sample  has  started  to  become  demagnetized.  This 
suggests  that  the  form  of  the  IRM  curve  is  central  to  the  SI 
plot.  In  particular,  the  erasure  process  has  a  strong  bearing  on 
the  value  of  SI,  as  also  stated  previously.6 

IV.  CONCLUSION 

The  highly  anisotropic  behavior  of  sputtered  Co-Cr-Ta 
thin  film  media  prepared  by  transfer  deposition  has  been 
simulated  by  extending  a  previous  thin  film  model.  In  order 


to  simulate  the  effect  of  the  bowed  columnar  structure  on  the 
magnetic  properties,  the  lattice  was  expanded  transverse  to 
the  transfer  direction.  Comparison  with  experiment  showed 
this  to  be  the  most  satisfactory  and  consistent  way  to  simu¬ 
late  the  anisotropic  magnetic  behavior.  The  latter  indicates 
the  effect  of  disorder  in  the  microstructure  on  the  bulk  mag¬ 
netic  properties.  A  high  degree  of  exchange  coupling  and 
magnetostatic  interaction  was  required  to  give  strong  co¬ 
operative  reversal.  An  expansion  factor  of  5%  gave  the  high 
planar  anisotropy.  It  was  found  that  a  certain  degree  of  dis¬ 
order  was  required  to  reduce  the  squareness,  and  this  was 
introduced  by  exchange  decoupling  10%  of  the  grains  at  ran¬ 
dom.  These  parameters  gave  the  correct  bulk  hysteresis  loop 
properties.  A  rapid  annealing  schedule  was  followed  to  simu¬ 
late  the  imperfect  erasure  which  is  known  to  occur  experi¬ 
mentally  and  the  resulting  SI  curves  are  in  good  agreement 
with  the  experimental  curves,  demonstrating  the  importance 
of  a  consistent  and  reproducible  method  of  ac  erasure  in  SI 
measurements. 
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The  Jiles-Atherton  theory  is  based  on  considerations  of  the  dependence  of  energy  dissipation  within 
a  magnetic  material  resulting  from  changes  in  its  magnetization.  The  algorithm  based  on  the  theory 
yields  five  computed  model  parameters,  Ms,  a ,  a,  k ,  and  c,  which  represent  the  saturation 
magnetization,  the  effective  domain  density,  the  mean  exchange  coupling  between  the  effective 
domains,  the  flexibility  of  domain  walls  and  energy-dissipative  features  in  the  microstructure, 
respectively.  Model  parameters  were  calculated  from  the  algorithm  and  linked  with  the  physical 
attributes  of  a  set  of  three  related  melt-quenched  permanent  magnets  based  on  the  Nd2Fe14B 
composition.  Measured  magnetic  parameters  were  used  as  inputs  into  the  model  to  reproduce  the 
experimental  hysteresis  curves.  The  results  show  that  two  of  the  calculated  parameters,  the 
saturation  magnetization  Ms  and  the  effective  coercivity  k,  agree  well  with  their  directly  determined 
analogs.  The  calculated  a  and  a  parameters  provide  support  for  the  concept 
of  increased  intergranular  exchange  coupling  upon  die  upsetting,  and  decreased  intergranular 
exchange  coupling  with  the  addition  of  gallium.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)27608-2] 


I.  INTRODUCTION 

The  various  relationships  between  structure  and  proper¬ 
ties  in  permanent  magnet  materials  are  usually  explored  by 
experimental  methods.  With  a  few  notable  exceptions,1,2 
these  relationships  have  not  yet  been  extensively  explored  by 
theoretical  modeling.  We  present  here  an  inaugural  investi¬ 
gation  of  the  results  which  link  model  parameters  calculated 
from  an  algorithm  based  on  the  Jiles-Atherton  theory3  with 
the  physical  attributes  of  a  set  of  three  related  melt-quenched 
and  thermomechanically  treated  permanent  magnets  based 
on  the  Nd2Fe14B  composition.  Interpretations  of  the  informa¬ 
tion  thus  yielded  provides  substantial  insight  into  the  hypoth¬ 
esized  reversal  mechanisms  and  internal  coupling  found  in 
these  magnets. 

II.  THE  HYSTERESIS  MODEL  ALGORITHM 

The  Jiles-Atherton  model4-6  of  hysteresis  is  based  on 
consideration  of  the  dependence  of  energy  dissipation  on 
change  in  magnetization,  the  principal  cause  of  hysteresis  in 
multidomain  specimens.  Consideration  of  the  underlying 
mechanisms  has  produced  two  differential  equations  which 
represent  the  irreversible  differential  susceptibility  and  re¬ 
versible  differential  susceptibility.  The  solution  of  these  dif¬ 
ferential  equations  leads  to  a  normal  sigmoidal- shaped  hys¬ 
teresis  curve,  when  combined  with  an  appropriate  choice  of 
function  for  the  anhysteretic  magnetization.  The  algorithm 
requires  input  of  nine  experimentally  measured  parameters: 
The  coercivity  Hcl ,  the  remanence  BR ,  the  initial  normal 
susceptibility  xL  >  the  initial  anhysteretic  susceptibility  xL  > 
the  differential  susceptibility  at  the  coercive  point  x'hc]  >  the 
differential  susceptibility  at  remanence  x'br  anc*  the  coordi¬ 


nates  (Hm  ,Mm)  of  the  loop  tip,  as  well  as  the  differential 
susceptibility  of  the  initial  magnetization  curve  at  the  loop 
tip,  x[n  4  The  algorithm  yields  five  computed  model  param¬ 
eters,  Ms,  a,  k9  a,  and  c.  The  physical  interpretation  of  these 
five  model  parameters  is  given  as  follows. 

Ms  is  the  saturation  magnetization  of  the  material,  and 
thus  the  validity  of  this  parameter  is  very  easy  to  check, 
either  by  experimental  means  or  by  obtaining  the  data  from 
references.  The  units  of  Ms  are  A/m  or  emu/cc. 

The  a  parameter  is  sometimes  referred  to  as  the  “effec¬ 
tive  domain  density.”  The  model  parameter  a  is  derived  from 
an  analogy  to  the  Langevin  expression7  for  the  anhysteretic 
magnetization  Man  as  a  function  of  both  temperature  T  and 
field  H  for  a  paramagnet: 

M  an(H  ,T)  —  M  sX[coth(Hla)  —  (al  H)~\,  (1) 

where  a  =  A:B7,/(/x0(m));  Ms  is  the  saturation  magnetization 
and  kB  is  Boltzmann’s  constant.  However,  in  the  Jiles- 
Atherton  theory,  the  spin  entity  (m)  is  not  an  atomic  mag¬ 
netic  moment  m  =  nfiB ,  where  julb  is  the  Bohr  magneton,  as 
in  the  original  Langevin  expression.  Rather,  it  represents  the 
moment  from  a  mesoscopic  collections  of  spins  that  we  refer 
to  as  an  “effective  domain;”  each  “effective  domain”  pos¬ 
sesses  a  collective  magnetic  moment  (m).  These  effective 
domain  entities  may  or  may  not  correspond  to  actual  mag¬ 
netic  domains;  the  units  of  a  are  in  A/m  or  Oe. 

k  gives  a  measure  of  the  quasistatic  energy  dissipation 
via  the  expression  k  =  (l/jm0)X dEldM,  with  as  the  per¬ 
meability  of  free  space  and  dEldM  the  change  in  energy  per 
change  in  magnetization.  In  the  case  of  a  material  for  which 
the  coercivity  is  controlled  by  domain-wall  pinning,  this  ex¬ 
pression  is  related  to  effect  of  pinning  sites  on  the  progress 
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TABLE  I.  Sample  descriptions  and  model  parameter  results  calculated  from  the  Jiles-Atherton  algorithm. 


Sample  identification 

Bulk  composition 

Processing 

Ms  (emu/cc) 

«(Oe) 

k( Oe) 

a 

c 

HP1553 

Nd13.75Fe80  25B6 

Hot  pressed  (MQ-2) 

1080 

13920 

8825 

3.168 

0.885 

DU1418 

Nd1375Fe8025B6 

Die  upset  (MQ-3) 

1000 

1247 

4100 

0.742 

0.485 

DU2162 

[Nd13(Fe095Co005)81B6]0996Ga0004 

Die  upset  (MQ-3) 

1100 

3748 

8246 

1.472 

0.885 

of  the  hysteresis.  In  soft  materials  k  is  approximately  equal 
to  the  coercivity  Hd ;  in  hard  materials  it  is  equal  to  a  modi¬ 
fied  form  of  the  coercivity:8 


Mm(Hc)  f  1 

1  ~c  I*  ,  I  c  \dMa(Hc) 
{  *max  \l-cjX  dH 


(2) 


is  the  anhysteretic  magnetization  as  defined  in  Eq.  (1); 
the  units  of  k  are  A/m  or  Oe.  An  explicit  expression  for  k  has 
not  been  derived  for  the  case  where  the  coercivity  is  con¬ 
trolled  by  the  nucleation  of  reversed  domains;  however,  in 
general  it  is  to  be  expected  that  k  should  increase  when  the 
density  of  domain  reversal  sites  decreases. 

a  is  a  dimensionless  quantity  that  describes  the  mean 
interaction  field  experienced  by  the  effective  domains,  in  a 
manner  completely  analogous  to  the  Weiss  molecular  field: 
Hex=aM ,  where  M  is  the  magnetization. 

The  dimensionless  model  parameter  c  gives  a  measure 
of  the  relative  magnitude  of  the  reversible  magnetization 
contribution  to  the  total  magnetization,  and  is  defined  by  the 
expression 


III.  RESULTS 

The  hysteresis  loops  that  provided  the  experimental  in¬ 
puts  to  the  model  algorithm  were  obtained  from  three  re¬ 
lated,  melt-quenched  and  thermomechanically  processed 
magnets  obtained  from  General  Motors  R.  &  D.  Center.  The 
bulk  compositions  of  the  magnets  are  given  in  Table  I,  along 
with  some  processing  details.  The  samples  were  measured  at 
7=350  K  using  a  Quantum  Design  MPMS  SQUID  magne¬ 
tometer  with  the  furnace  insert.  The  sample  measurement 
configuration  and  subsequent  data  analysis  is  described  in 
detail  in  Ref.  9. 

Iterations  of  the  parameter-determination  algorithm  pro¬ 
duced  the  results  presented  in  Table  I.  In  general,  the  fits 
between  the  calculated  and  the  experimental  hysteresis  loops 
were  very  good,  being  in  error  by  less  than  5%  of  the  whole 
of  the  hysteresis  curve.  Figures  l(a)-(c)  show  the  calculated 
hysteresis  loops  superimposed  upon  the  measured  loops.  The 
calculated  saturation  magnetization  values,  Ms ,  agree  well 
with  the  experimentally  determined  ones.  The  model  param¬ 
eters,  a ,  k ,  and  a ,  show  very  interesting  variations  from 
sample  to  sample,  especially  as  the  sample  HP 1553  was  die 
upset  to  become  DU1418.  The  parameters  a  and  a,  represen¬ 
tative  of  the  density  of  “effective  domains”  and  the  opera¬ 
tive  interdomain  coupling,  respectively,  decreased  sharply 
with  die  upsetting.  These  quantities  recovered  somewhat  in 
the  sample  DU2162,  doped  with  cobalt  and  gallium.  The 
value  of  the  k  parameter,  illustrating  the  average  pinning 
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FIG.  1.  (a)  Hysteresis  loops  for  sample  HP1553  (Nd1375Fe8025B6),  modeled 
and  experimental,  (b)  Hysteresis  loops  for  sample  DU1418 
(Ndi375Fe8o.25B6),  modeled  and  experimental,  (c)  Hysteresis  loops  for 
sample  DU2162  (fNd j  3(Feg  ggCogo^giB^Jog^gGago^),  modeled  and  experi¬ 
mental. 
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strength  of  the  inhomogeneities  in  the  materials,  is  roughly 
the  same  in  HP1553  and  DU2162,  but  is  approximately  half 
that  value  in  DU1418. 

IV.  DISCUSSION 

In  order  to  lend  physical  insight  to  the  calculated  model 
parameters,  a  review  of  recent  microstructural  and  magnetic 
characterization  of  the  samples  is  necessary.  The  process  of 
die  upsetting  a  hot-pressed  sample  introduces  drastic  changes 
within  the  microstructure.  A  melt-quenched  and  hot-pressed 
sample  typically  consists  of  a  dense  collection  of  mostly 
equiaxed  grains  with  dimensions  on  the  order  of  100  nm. 
Preliminary  transmission  electron  microscopy  (TEM)  inves¬ 
tigations  performed  at  Brookhaven  National  Laboratory  in¬ 
dicate  that  the  grain  size  dispersion  of  HP1553  is  small. 
Some  researchers  have  found  an  additional  phase  in  the  mi¬ 
crostructure,  identified  by  electron  diffraction  as  Nd5Fe2B5.10 
An  intergranular  phase  has  also  been  identified  at  the  grain 
boundaries11  of  hot-pressed  samples  and  is  reported  to  have  a 
composition  close  to  the  eutectic  composition  in  the  Nd-Fe 
binary  system,  Nd70Fe30. 

With  die  upsetting,  the  grains  not  only  increase  in  size, 
but  they  become  highly  anisotropic.  The  die-upset  structure 
consists  of  platelet-shaped  grains  of  the  2-14-1  phase 
stacked  along  the  press  direction,  the  2-14-1  tetragonal  c 
axis.  A  thin  intergranular  phase  has  also  been  identified  in 
these  magnets,  but  the  nature  and  composition  of  this  phase 
is  in  dispute.  Mishra  et  aln'n  report  that  the  intergranular 
phase  is  crystalline  (fee),  seems  to  uniformly  coat  all  grains, 
and  has  a  composition  close  to  Nd70Fe30.  Recent  results, 
obtained  with  high  resolution  TEM  methods9,13  using  a 
nominal  5  A  probe  size,  have  demonstrated  the  existence  of 
an  amorphous  grain  boundary  phase  present  in  DU  14 18  and 
a  related  sample,  die-upset  PrFeB.  Based  on  a  sampling  of 
30  grain  boundaries,  the  phase  clearly  shows  an  enrichment 
of  iron  in  the  grain  boundary  region  relative  to  the  grain 
itself;  it  does  not  evenly  wet  all  surfaces  of  the  deformed 
2-14-1  main  phase  particles,  but  is  found  mainly  on  those 
boundaries  parallel  to  the  c  axis. 

Magnetic  studies  performed  on  DU1418  at  elevated 
temperatures9  show  a  linear  development  of  both  remanence 
and  coercivity  with  applied  field  after  thermal  demagnetiza¬ 
tion,  consistent  with  the  phenomena  of  nucleation  of  reverse 
domains.  The  coercivity  and  remanence  in  HP1553  and 
DU2162  also  show  this  same  linear  dependence.  It  has  been 
postulated  that  the  iron-rich  grain  boundary  phase  may  act  as 
a  reverse  grain  nucleation  site  of  lowered  anisotropy,  as  well 
as  providing  a  means  to  exchange  couple  the  constituent 
grains.9 

The  above  results  lend  interpretation  to  the  calculated 
model  parameters.  The  decrease  in  the  a  parameter  from  the 
relatively  high  value  of  13920  Oe  in  HP1553  to  the  low 
value  of  1247  Oe  in  DU  14 18  represents  a  decrease  in  the 
density  of  effective  domains,  as  described  in  Sec.  II.  This 
decrease  is  consistent  with  a  change  in  the  microstructure 
that  promotes  exchange  coupling  among  the  grains  in  the 
die-upset  sample,  as  would  be  expected  if  a  significant  por¬ 


tion  of  intergranular  phase  changed  in  composition  from 
rare-earth  rich  to  iron  rich.  The  increase  of  the  a  parameter 
in  DU2162,  the  sample  doped  with  both  cobalt  and  gallium, 
relative  to  that  of  DU1418,  is  consistent  with  a  certain 
amount  of  exchange  decoupling  between  the  grains  that 
serves  to  produce  a  greater  density  of  “effective  domains.” 
Many  researchers14"17  believe  that  the  addition  of  gallium  to 
2-14-1-based  magnets  segregates  to  the  grain  boundary 
phase;  such  a  segregation  would  be  expected  to  decrease  the 
intergranular  coupling  by  diluting  the  magnetic  properties  of 
the  intergranular  phase.  Consistent  with  the  above  discus¬ 
sion,  the  variation  of  calculated  k  parameters  can  be  ascribed 
to  the  difficulty  in  the  nucleation  of  reversed  grains.  This 
difficulty  may  be  traced  to  a  dearth  of  Fe-rich,  low- 
anisotropy  rich  regions  in  the  microstructures  of  HP  155 3  and 
DU2162  of  the  proper  dimensions  to  allow  nucleation  of 
reverse  domains  upon  the  application  of  a  magnetizing  field 
to  a  thermally  demagnetized  sample. 

The  calculated  a  parameters  indicate  that  the  coupling 
between  the  “effective  domains”  in  HP1553  is  somewhat 
stronger  than  that  found  in  DU2162,  and  is  much  stronger 
than  that  found  in  DU1418.  Such  a  result  may  be  attributed 
to  differences  in  the  chemistry,  thickness  and  occurrence  of 
the  iron  poor  intergranular  and  triple-point  junction  phases 
found  in  each  material;  the  iron-rich  intergranular  phases 
presumably  exist  within  the  volume  of  the  “effective  do¬ 
main”  and  do  not  contribute  to  a.  Work  is  presently  under¬ 
way  to  thoroughly  characterize  the  grain  boundary  phases  in 
these  materials  using  advanced  TEM  methods. 
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The  critical  state  (Bean)  model  for  superconducting  hysteresis  is  discussed  for  arbitrary  specimen 
shapes  and  complex  flux  distributions.  It  is  demonstrated  that  this  model  exhibits  the  “wiping  out” 
property  and  “congruency”  property  of  minor  hysteresis  loops.  This  leads  to  the  conclusion  that  the 
critical  state  model  is  a  particular  case  of  the  Preisach  model.  For  this  reason,  it  is  suggested  to  use 
the  Preisach  model  for  the  description  of  superconducting  hysteresis  in  very  general  situations. 
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High-field  (hard)  type-II  superconductors  exhibit  mag¬ 
netic  hysteresis.  This  hysteresis  occurs  because  the  motion  of 
flux  filaments  is  pinned  by  various  deffects.  The  critical  state 
model  has  been  proposed1"3  to  treat  the  magnetic  hysteresis 
of  hard  superconductors.  This  model  is  based  on  the  assump¬ 
tion  of  ideal  (sharp)  resistive  transition  which  is  described  by 
a  rectangular  (step  wise)  E  vs  J  relation.  This  implies  that 
persistent  currents  up  to  a  critical  current  density  jc  are  al¬ 
ways  induced  in  superconductors.  The  critical  state  model 
has  been  further  generalized4  to  take  into  account  a  depen¬ 
dence  of  critical  current  density  on  magnetic  field. 

It  has  been  shown5,6  that  the  critical  state  model  for  su¬ 
perconducting  hysteresis  is  a  very  particular  case  of  the  clas¬ 
sical  Preisach  model  which  has  been  traditionally  used  for 
the  description  of  hysteresis  in  magnetic  materials.  This  re¬ 
sult  has  been  established  for  one-dimensional  flux  distribu¬ 
tions  and  specimens  of  simple  shapes  (plane  slabs,  circular 
cross-section  cylinders).  For  these  cases,  explicit  analytical 
expressions  for  magnetic  field  distributions  within  the  super¬ 
conductors  are  readily  available,  and  they  have  been  instru¬ 
mental  in  the  discussion  presented  in  the  aforementioned  ref¬ 
erences. 

The  purpose  of  this  article  is  to  demonstrate  that  the 
critical  state  model  is  a  particular  case  of  the  Preisach  model 
for  specimens  of  arbitrary  shapes  and  complex  flux  distribu¬ 
tions.  For  these  specimens,  analytical  machinery  for  the  cal¬ 
culation  of  magnetic  fields  within  the  superconductors  does 
not  exist.  Nevertheless,  it  is  shown  below  that  the  supercon¬ 
ducting  hysteresis  (as  described  by  the  critical  state  model) 
still  exhibits  the  “wiping  out”  property  and  the  “congru¬ 
ency”  property  of  minor  hysteresis  loops.  These  properties 
constitute  the  necessary  and  sufficient  conditions  for  the  ap¬ 
plicability  of  the  classical  Preisach  model.6,7  This  leads  to  the 
conclusion  that  the  critical  state  model  is  indeed  a  particular 
case  of  the  Preisach  model.  This  fact  suggests  that  the  “first- 
order  transition  curves,”  which  are  used  for  the  identification 
of  the  Preisach  model,  may  emerge  as  standard  experimental 
data  for  the  identification  of  superconducting  hysteresis  and 
evaluation  of  hysteretic  losses  in  superconductors. 

To  start  the  discussion,  consider  a  superconducting  cyl¬ 
inder  of  arbitrary  cross  section  subject  to  the  uniform  exter¬ 
nal  field  B e(t)  whose  direction  does  not  change  with  time 
and  lies  in  the  plane  of  superconductor  cross  section  (Fig.  1). 
We  will  choose  this  direction  as  the  direction  of  axis  x .  As 
the  time  varying  flux  enters  the  superconductor,  it  induces 
screening  (shielding)  currents  of  density  ±  jc .  The  distribu¬ 


tion  of  these  superconducting  screening  currents  is  such  that 
they  create  the  magnetic  field  which  at  any  instant  of  time 
completely  compensates  for  the  change  in  the  external  field 
B e(t).  Mathematically  it  can  be  expressed  as  follows: 

SBe(t)+Bi(t)  =  0.  (1) 

Here  SBe(t )  is  the  change  in  Be(t ),  while  Bft)  is  the  field 
created  by  superconducting  screening  currents,  and  equality 
(1)  holds  in  the  region  interior  to  these  currents. 

It  is  clear  that  SBe(t)^0  when  Be(t)  is  monotonically 
increased,  and  SBe(t)^ 0  when  Be(t)  is  monotonically  de¬ 
creased.  By  using  this  fact  and  (1),  it  can  be  concluded  that 
there  is  a  reversal  in  the  direction  (polarity)  of  superconduct¬ 
ing  screening  currents  as  Be(t)  goes  through  its  maximum  or 
minimum  values. 

With  these  facts  in  mind,  consider  how  the  distribution 
of  superconducting  currents  is  genetically  modified  in  time 
by  temporal  variations  of  the  external  magnetic  field.  Sup¬ 
pose  that,  starting  from  zero  value,  the  external  field  is 
monotonically  increased  until  it  reaches  its  maximum  value 
Mx  at  some  time  t=tT.  This  monotonic  variation  of  Be(t) 
induces  a  surface  layer  of  superconducting  screening  cur¬ 
rents.  The  interior  boundary  of  this  current  layer  extends 
inwards  as  Be(t)  is  increased  [see  Fig.  2(a)],  and  at  any 
instant  of  time  this  boundary  is  uniquely  determined  by  the 
instantaneous  values  of  Be(t).  Next,  we  suppose  that  the 
above  monotonic  increase  is  followed  by  a  monotonic  de¬ 
crease  until  Be(t)  reaches  its  minimum  value  mx  at  some 
time  t=tx  .  For  the  time  being  it  is  assumed  that  \m1\<M{. 


FIG.  1.  A  superconductor  subject  to  the  external  magnetic  field. 
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FIG.  2.  Superconducting  current  distributions. 


As  soon  as  the  maximum  value  Mx  is  achieved,  the  inward 
progress  of  the  previous  current  layer  is  terminated  and  a 
new  surface  current  layer  of  reversed  polarity  (direction)  is 
induced  [see  Fig.  2(b)].  This  new  current  layer  creates  field 
B{(t)  which  compensates  for  monotonic  decrease  in  Be(t)  in 
the  region  interior  to  this  current  layer.  For  this  reason,  it  is 
clear  that  the  interior  boundary  of  the  new  current  layer  ex¬ 
tends  inward  as  Be(t)  is  monotonically  decreased.  It  is  also 
clear  that  this  boundary  is  uniquely  determined  by  the  instan¬ 
taneous  value  of  SBe(t ),  and,  consequently,  by  the  instanta¬ 
neous  value  of  Be(t)  for  any  specific  (given)  value  of  Mx. 
Now,  suppose  that  the  above  monotonic  decrease  is  followed 
by  a  monotonic  increase  until  Be(t)  reaches  its  new  maxi¬ 
mum  value  M2  at  some  time  t=t2  .  For  the  time  being,  it  is 
assumed  that  M2<\mx\.  As  soon  as  the  minimum  value  mx 
is  achieved,  the  inward  progress  of  the  second  current  layer 
is  terminated  and  a  new  (third)  surface  layer  of  supercon¬ 
ducting  screening  currents  of  reversed  polarity  is  introduced 
to  counteract  the  monotonic  increase  of  the  external  field 
[see  Fig.  2(c)].  This  current  layer  progresses  inward  until  the 
maximum  value  M2  is  achieved;  at  this  point  the  inward 
progress  of  the  current  layer  is  terminated.  As  before,  the 
instantaneous  position  of  the  interior  boundary  of  this  layer 
is  uniquely  determined  by  the  instantaneous  value  of  SB e(t), 
and,  consequently,  by  the  instantaneous  value  of  Be(t)  for  a 
specific  (given)  value  of  m  x . 

By  generalizing  the  previous  line  of  reasoning,  the  es¬ 
sence  of  the  critical  state  model  can  be  summarized  as  fol¬ 
lows.  Each  reversal  in  the  external  magnetic  field  results  in 
the  formation  of  a  surface  layer  of  superconducting  screening 
currents.  This  layer  extends  inward  with  time  until  another 


reversal  value  of  the  external  field  is  reached.  At  this  point, 
the  inward  progress  of  the  previous  superconducting  current 
layer  is  terminated  and  a  new  inward  extending  current  layer 
is  formed.  The  previously  induced  layers  of  persisting  super¬ 
conducting  currents  stay  still  and  they  represent  past  history 
of  the  temporal  variations  of  the  external  field.  This  past 
history  leaves  its  mark  upon  future  distributions  of  supercon¬ 
ducting  currents. 

Thus,  it  can  be  concluded  that  at  any  instant  of  time 
there  exist  several  (many)  layers  of  persisting  superconduct¬ 
ing  currents  [see  Fig.  2(d)].  These  persisting  currents  have 
opposite  polarities  (directions)  in  adjacent  layers.  The  inte¬ 
rior  boundaries  and  of  all  the  layers  (except  the  last 
one)  remain  still  and  they  are  uniquely  determined  by  the 
past  extremum  values  Mk  and  mk  of  Be(t ),  respectively.  The 
last  induced  current  layer  extends  inward  as  the  external  field 
changes  in  time  monotonically. 

The  magnetic  moment  M  of  the  superconductor  is  re¬ 
lated  to  the  distribution  of  the  superconducting  screening 
currents  as  follows: 

M(t)  =  f  J  [rXj(*)]rfs,  (2) 

where  the  integration  is  performed  over  the  superconductor 
cross  section. 

In  general,  this  magnetic  moment  has  x  and  y  compo¬ 
nents.  According  to  (2),  these  components  are  given  by  the 


expressions: 

Mx(t)=J  Jsyj(t)ds, 

(3) 

Jt 

1 

II 

•+-4 

(4) 

It  is  clear  that  if  the  superconductor  cross  section  is  symmet¬ 
ric  with  respect  to  x  axis,  then  only  the  x  component  of  the 
magnetic  moment  is  present.  In  the  absence  of  the  above 
symmetry,  two  components  of  the  magnetic  moments  exist. 

It  is  apparent  from  the  previous  discussion  that  the  in¬ 
stantaneous  values  of  Mx(t)  and  My(t)  depend  not  only  on 
the  current  instantaneous  value  of  the  external  field  Be(t )  but 
on  the  past  extremum  values  of  Be(t)  as  well.  This  is  be¬ 
cause  the  overall  distribution  of  persisting  superconducting 
currents,  j,  depends  on  the  past  extrema  of  Be(t).  Thus,  it 
can  be  concluded  that  relationships  Mx(t)  vs  Be(t)  and 
My(t)  vs  Be{t)  exhibit  discrete  memories  which  are  charac¬ 
teristic  and  intrinsic  for  rate  independent  hysteresis.  It  is 
worthwhile  to  note  that  it  is  the  hysteretic  relationship  Mx(t ) 
vs  Be(t)  that  is  typically  measured  in  experiments  by  using, 
for  instance,  a  vibrating  sample  magnetometer  (VSM)  with  a 
one  pair  of  pickup  coils.  By  using  a  VSM  equipped  with  two 
pairs  of  orthogonal  pickup  coils,  the  hysteretic  relation  be¬ 
tween  My(t)  and  Be(t)  can  be  measured  as  well. 

It  is  important  to  stress  here  that  the  property  of  rate 
independence  of  superconducting  hysteresis  can  be  traced 
back  to  the  assumption  of  ideal  (sharp)  resistive  transitions. 
This  connection  is  especially  clear  for  superconducting 
specimens  of  simple  shapes  (plane  slabs  or  circular  cross- 
section  cylinders  subject  to  coaxil  and  uniform  external  mag- 


6474  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


I.  D.  Mayergoyz 


netic  fields).  For  such  specimens,  the  explicit  and  single¬ 
valued  relations  between  the  increments  of  the  external  field 
and  the  location  of  inward  boundaries  of  superconducting 
layers  can  be  found  by  resorting  only  to  the  Ampere’s 
Law.1-3  It  is  also  worthwhile  pointing  here  that  in  the  case  of 
gradual  resistive  transitions,  customary  described  by  the 
“power”  law,  the  property  of  rate  independence  of  supercon¬ 
ducting  hysteresis  does  not  hold  anymore.8-10  For  this  rea¬ 
son,  it  can  be  conjectured  that  the  gradual  resistive  transi¬ 
tions  may  be  at  least  in  part  responsible  for  the  rate 
dependence  of  hysteresis  that  has  been  observed  for  high-Tc 
superconductors  and  that  is  usually  and  exclusively  attrib¬ 
uted  to  creep. 

Now,  we  return  to  the  above  description  of  the  critical 
state  model.  It  is  clear  from  this  description  that  a  newly 
induced  and  inward  extending  layer  of  superconducting  cur¬ 
rents  will  wipe  out  (replace)  some  layers  of  persisting  super¬ 
conducting  currents  if  they  correspond  to  the  previous  extre¬ 
mum  values  of  Be(t )  which  are  exceeded  by  a  new 
extremum  value.  In  this  way,  the  effect  of  those  previous 
extremum  values  of  Be(t)  on  the  overall  future  current  dis¬ 
tributions  will  be  completely  eliminated.  According  to  (3) 
and  (4),  the  effect  of  those  past  extremum  values  of  the  ex¬ 
ternal  magnetic  field  on  the  magnetic  moment  will  be  elimi¬ 
nated  as  well.  This  is  the  “wiping  out”  property  of  the  su¬ 
perconducting  hysteresis  as  described  by  the  critical  state 
model. 

Next,  we  proceed  with  the  discussion  of  the  “congru¬ 
ency”  property.  Consider  two  distinct  variations  of  the  exter¬ 
nal  field,  B^it)  and  B(2\t).  Suppose  that  these  two  external 
fields  have  different  past  histories  and,  consequently,  differ¬ 
ent  sequences  of  local  past  extrema,  and 

However,  starting  from  some  instant  of  time 
they  vary  back-and-forth  between  the  same  reversal  values. 
It  is  apparent  from  the  description  of  the  critical  state  model 
and  expressions  (3)  and  (4)  that  these  two  identical  back- 
and-forth  variations  of  the  external  field  will  result  in  the 
formation  of  two  minor  loops  for  hysteretic  relation  Mx{t)  vs 
Be(t)  [or  My(t )  vs  Be(t)\  It  is  also  apparent  from  the  same 
description  of  the  critical  state  model  that  these  two  back- 
and-forth  variations  of  the  external  field  will  affect  in  the 
identical  way  the  same  surface  layers  of  a  superconductor. 
Unaffected  layers  of  the  persistent  superconducting  currents 
will  be  different  for  B^\t)  and  B{2\t)  because  of  their  dif¬ 
ferent  past  histories.  However,  according  to  (3)  and  (4),  these 
unaffected  layers  of  persistent  currents  result  in  constant  in 
time  (“background”)  components  of  the  magnetic  moment. 
Consequently,  it  can  be  concluded  that  the  same  incremental 
variations  of  B(el\t)  and  B^\t)  will  result  in  equal  incre¬ 
ments  of  Mx  (and  My).  This  is  tantamount  to  the  congruency 
of  the  corresponding  minor  loops.  Thus,  the  congruency 
property  is  established  for  the  superconducting  hysteresis  as 
described  by  the  critical  state  model. 


The  experimental  testing  of  the  “congruency”  and  “wip¬ 
ing  out”  properties  has  been  recently  undertaken11  and  it  has 
been  found  that  these  properties  are  in  good  compliance  with 
experimental  data  for  tested  superconductors. 

It  has  been  established6,7  that  the  “wiping  out”  property 
and  the  “congruency”  property  constitute  the  necessary  and 
sufficient  conditions  for  the  representation  of  actual  hyster¬ 
esis  nonlinearities  by  the  Preisach  model.  Thus,  the  descrip¬ 
tion  of  the  superconducting  hysteresis  by  the  critical  state 
model  is  equivalent  to  the  description  of  the  same  hysteresis 
by  the  Preisach  model.  The  question  can  be  immediately 
asked,  “What  is  to  be  gained  from  the  above  result?”  The 
answer  to  this  question  can  be  stated  as  follows.  There  is  no 
readily  available  analytical  machinery  for  the  calculation  of 
the  interior  boundaries  of  superconducting  current  layers  for 
specimens  of  arbitrary  shapes.  For  this  reason,  the  critical 
state  model  does  not  lead  to  the  mathematically  explicit  re¬ 
sults.  The  application  of  the  Preisach  model  allows  one  to 
circumvent  these  difficulties  by  using  some  experimental 
data.  Namely,  for  any  superconducting  specimen,  the  “first- 
order  transition”  curves  can  be  measured  and  used  for  the 
identification  of  the  Preisach  model6  for  the  given  specimen. 
By  using  these  curves,  complete  prediction  of  hysteretic  be¬ 
havior  of  the  specimen  can  be  given  at  least  at  the  same  level 
of  accuracy  and  physical  legitimacy  as  in  the  case  of  the 
critical  state  model.  In  particular,  cyclic  and  “ramp”  losses 
can  be  explicitly  expressed  in  terms  of  the  first-order  transi¬ 
tion  curves.6 

The  above  result  can  be  also  useful  whenever  numerical 
implementation  of  the  Bean  model  is  attempted.  Indeed,  the 
numerical  realization  of  the  Bean  model  can  be  appreciably 
simplified  by  computing  only  the  “first-order  transition” 
curves  and  then  by  using  these  curves  for  the  prediction  of 
hysteretic  behavior  for  arbitrary  piece-wise  monotonic  varia¬ 
tions  of  the  external  field. 

In  conclusion,  I  wish  to  thank  Professor  G.  Friedman 
from  UIC  for  many  helpful  discussions.  This  research  is  sup¬ 
ported  by  the  U.S.  Department  of  Energy,  Engineering  Re¬ 
search  Program. 


]C.  P.  Bean,  Phys.  Rev.  Lett.  8,  250  (1962). 

2C.  P.  Bean,  Rev.  Mod.  Phys.  36,  31  (1964). 

3H.  London,  Phys.  Lett.  6,  162  (1963). 

4Y.  B.  Kim,  C.  F.  Hempstead,  and  A.  R.  Stmad,  Phys.  Rev.  Lett.  9,  306 
(1962). 

5I.  D.  Mayergoyz  and  T.  A.  Keim,  J.  Appl.  Phys.  67,  5466  (1990). 

6 1.  D.  Mayergoyz,  Mathematical  Model  of  Hysteresis  (Springer,  New  York, 
1991). 

7I.  D.  Mayergoyz,  Phys.  Rev.  Lett.  56,  1518  (1986). 

8 1.  D.  Mayergoyz,  J.  Appl.  Phys.  75,  6963  (1994). 

9I.  D.  Mayergoyz,  J.  Appl.  Phys.  76,  7130  (1995). 

10I.  D.  Mayergoyz,  J.  Appl.  Phys.  76,  6956  (1995). 

nG.  Friedman,  L.  Liu,  and  J.  S.  Kouvel,  J.  Appl.  Phys.  75,  5683  (1994). 


J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


I.  D.  Mayergoyz  6475 


A  model  for  magnetomechanical  hysteresis  and  losses  in  magnetostrictive 
materials 

A.  Bergqvist 

Electric  Power  Engineering,  Royal  Institute  of  Technology,  S- 10044  Stockholm,  Sweden 

G.  Engdahl 

Power  Engineering,  ABB  Corporate  Research,  S-72178  Vaster  as,  Sweden 

A  phenomenological  hysteresis  model  for  the  magnetomechanical  constitutive  law  in  highly 
magnetostrictive  materials  is  proposed.  Magnetization  and  strain  are  represented  using  a  set  of 
noninteracting  particles.  Any  change  in  magnetization  or  strain  in  individual  particles  is  assumed  to 
be  obstructed  by  a  counterforce  analogous  to  mechanical  dry  friction.  Comparisons  have  been  made 
with  experiments  performed  on  Terfenol-D  under  varying  field  and/or  stress  with  satisfactory 
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I.  INTRODUCTION 

Computer  simulations  play  an  increasingly  important 
role  in  device  design.  In  applications  involving  highly  mag¬ 
netostrictive  materials  such  as  Terfenol-D,  it  is  necessary  to 
have  constitutive  models  relating  bulk  magnetization  M  and 
strain  S  to  magnetic  field  H  and  mechanical  stress  T .  Such 
materials  exhibit  nonlinearity,  which  is  significant  except  for 
processes  in  the  small-signal  domain,  and  hysteresis  which 
can  contribute  considerably  to  the  losses  in  a  device. 

In  this  context,  it  is  more  important  that  a  model  agrees 
well  with  experiments  and  is  computationally  simple  and 
efficient  rather  than  giving  a  detailed  description  of  the  mi¬ 
croscopic  processes  involved.  Also,  in  a  real  device,  the 
waveforms  of  field  and  stress  in  the  active  material  are  usu¬ 
ally  not  known  a  priori  so  a  model  must  allow  for  both  field 
and  stress  to  be  arbitrary  functions  of  time.  A  model  which 
merely  gives  for  instance  the  behavior  under  a  fixed  me¬ 
chanical  stress  is  here  useless.  In  this  work,  we  present  a 
phenomenological  uniaxial  magnetomechanical  hysteresis 
model,  using  the  same  approach  as  in  a  recent  model  for 
magnetic  vector  hysteresis.1 

II.  THE  MODEL 

In  the  Jiles-Atherton  theory,2  it  is  reasoned  that  ferro¬ 
magnetic  hysteresis  is  due  to  a  friction-like  force  opposing 
any  changes  in  magnetization.  This  notion  is  adopted  here; 
however  the  friction  is  in  this  work  assumed  to  act  analo¬ 
gously  to  mechanical  dry  friction,  a.k.a.  Coulomb  friction. 
We  will  briefly  present  the  basic  properties  of  Coulomb  fric¬ 
tion,  which  is  discussed  in  more  detail  in  standard  works  on 
mechanics.3 

One  intuitive  formulation  of  Coulomb  friction  that  em¬ 
phasizes  the  parallels  with  magnetism  is  as  follows:  Suppose 
we  have  an  object  on  a  surface,  subjected  to  gravity,  normal 
force,  and  a  controllable  force  P.  Its  potential  energy  V  is 
proportional  to  its  height  above  the  ground  and  is  indirectly  a 
function  of  the  horizontal  coordinate  x.  It  is  straightforward 
to  show  that  the  horizontal  component  of  the  sum  of  gravi¬ 
tational  force  and  normal  force  is  —  dVIdx.  Without  friction, 
there  would  be  a  single-valued  relation  between  applied 
force  P  and  position  x  given  by  the  condition  that  the  total 
force  P  —  SV/dx  is  zero.  However,  if  there  is  Coulomb  fric¬ 


tion,  the  object  will  not  move  unless  \P  —  dV/dx\  reaches 
some  threshold  value,  here  called  PF.  In  that  case,  the  P—x 
relation  will  be  a  hysteresis  curve  with  a  width  2  PF.  Figure 
1  shows  a  typical  example.  The  relation  can  be  formulated 
more  precisely  as  follows:  As  long  as  \P — 3V{x)l dx\^P F 
there  is  a  metastable  state.  If  the  force  changes  to  a  new 
value  P'  such  that  \P* —  dV(x)fdx\>PF ,  then  the  position 
will  change  to  a  new  value  xf  such  that 
\P'-dV(x')ldx\  =  PF. 

If  the  force  and  position  are  vectors  in  two  or  more  di¬ 
mensions,  there  are  a  couple  of  complicating  factors.  One  is 
that  the  friction  may  be  anisotropic,  so  that  the  threshold 
value  PF  is  a  function,  not  necessarily  simple,  of  the  direc¬ 
tion  of  the  force  (P— W).  We  may  say  that  there  is  no 
change  in  position  x  as  long  as  (P— VV)  belongs  to  some 
metastability  region  which  in  the  isotropic  case  is  a  circle. 
Another  aspect  is  that  when  the  force  does  reach  the  thresh¬ 
old  value,  it  is  not  apparent  in  what  direction  the  movement 
is  in,  although  in  the  isotropic  case,  it  should  be  parallel  to 
(P-VV). 

Let  us  now  see  how  we  can  adopt  Coulomb  friction  for 
the  description  of  magnetomechanical  hysteresis.  Suppose 
we  have  a  pseudoparticle  with  magnetization  m,  strain  and 
a  free  energy  /  that  depends  only  on  m  and  s .  There  is  a  clear 
analogy  between  such  a  particle  and  a  mechanical  system 
with  an  object  on  a  surface,  in  that  the  mechanical  system  is 
governed  by  minimization  of  V(x)— P*x,  while,  due  to  the 
principle  of  entropy  maximization,  for  the  particle  it  is  the 
potential  g=f(m,s)  —  Hm~Ts  that  strives  towards  a 
minimum.4  We  now  assume  that  the  relation  between  (H,T) 


FIG.  1.  An  object  on  a  surface  subjected  to  an  applied  force  P  and  Coulomb 
friction.  The  figure  to  the  right  shows  the  resulting  relation  between  P  and 
position  x . 
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FIG.  2.  Relation  between  H  and  m  when  the  free  energy  /(m)  contains  a 
small  ripple.  Dotted  curves  show  behavior  without  ripple. 


and  (m,s)  is  analogous  to  the  relation  between  P  and  x  in  the 
presence  of  Coulomb  friction.  In  other  words,  for  a  given 
(m,s),  there  exists  a  region  such  that  as  long  as  (H,T)  stay 
within  the  region,  there  is  no  change  in  (m,s). 

Formally,  such  behavior  can  be  reproduced  by  stating 
that  /  is  the  sum  of  a  convex  function  fm(m,s)9  correspond¬ 
ing  to  anhysteretic  behavior,  and  a  small  ripple  fF(m,s),  and 
then  apply  the  principle  of  minimization  of  g.  The  ripple 
introduces  a  large  number  of  densely  distributed  local 
minima  for  g.  As  an  example  we  may  consider  a  purely 
magnetic  case  with  fF—  —  (HF/N)cos(Nm),  where  N  is 
large.  The  relation  between  H  and  m  can  then  be  derived4 
and  is  illustrated  in  Fig.  2.  As  N->° °,  the  magnetization 
curve  asymptotically  becomes  equivalent  to  the  P~x  rela¬ 
tion  of  Fig.  1.  Therefore,  if  /  contains  a  ripple  component, 
Coulomb  friction-type  behavior  emerges  naturally.  The 
aforementioned  aspects  of  anisotropic  friction  can  likewise 
be  represented  and  are  then  related  to  the  shapes  and  loca¬ 
tions  of  the  small  potential  wells  of  fF  in  some  complicated 
manner. 

We  proceed  to  define  the  two  auxiliary  quantities 
H=dfjdm ,  T=dfjds .  Since  without  friction  we  would 
have  H=dfjdm ,  T~dfjds ,  it  is  natural  to  write 

(m,s)  =  [Mw(H,f),Sm(H,f)l  (1) 

and  label  (Man,  Sj,  which  are  the  inverse  of 
(dfant dm ,  d /an/ ds ) ,  the  anhysteretic  curves. 

The  shape  of  the  metastability  region  could  conceivably 
be  estimated  from  experiments.  For  simplicity  however,  we 
here  assume  it  to  be  elliptical.  This  can  be  expressed  through 
the  inequality 

Hp2(H-H)  +  Tp2(T-f)2^  1.  (2) 

HF  and  TF  are  adjustable  parameters  corresponding  to  the 
half  width  of  purely  magnetic  hysteresis  loops  and  purely 
mechanical  hysteresis  loops,  respectively. 

Concerning  the  direction  in  which  changes  occur,  we 
again  simplify  and  assume  that  a  change  in  (H,T)  is  parallel 
to  ( H-H,T-f ).  In  other  words, 

(AH,Af)  =  A£(H-H,T-f),  (3) 

where  is  adjusted  so  that  after  a  change  in  ( H,T ),  the 
left-hand  side  of  (2)  is  exactly  1.  It  is  a  straightforward  alge- 
braic  exercise  to  show  that 

A^=\-[Hp2(H-H)2+Tp2{T-f)2Ym.  (4) 


An  incremental  algorithm  for  determining  (m,s)  for  any 
variation  of  (H,T)  can  now  be  formulated  as  follows:  Sup¬ 
pose  that  at  some  moment  we  have  known  values  (H,T)  and 
(H,f)  and  that  (H,T)  are  then  changed  by  a  small  amount. 
With  the  new  (H,T)  values  and  the  old  (H,T)  values,  we 
check  if  (2)  is  fulfilled.  If  it  is,  there  is  no  change  in  {HJ)\ 
otherwise  (H,T)  are  updated  using  (4)  and  (3).  Thereafter, 
( m,s )  are  found  from  (1). 

We  can  also  determine  the  energy  loss  q  for  arbitrary 
processes.  The  change  in  loss  is  the  difference  between 
changes  in  work  and  stored  energy,  Aq=HAm+  TAs  — A/. 
Noting  that  fF  is  always  very  small  and  using  Taylor  expan¬ 
sions  and  the  definitions  of  H  and  T ,  gives 
A/** A/an^// A m  +  T  As.  Dividing  by  At  and  taking  the 
limit,  we  find 

q  =  (H-H)m  +  (T-T)s.  (5) 

It  is  easy  to  realize  that  for  any  cyclic  process,  the  net  loss  is 
the  sum  of  the  areas  of  the  closed  magnetic  and  mechanical 
hysteresis  loops  §(H  dm  +  T  ds).  It  is  also  straightforward 
to  show  that  q^ 0  at  all  times.  This  can  be  derived  from  the 
fact  that  /an  is  convex  and  that  (H,T)<x(H-H,T-f).  The 
details  are  excluded. 

The  type  of  pseudoparticle  described  exhibits  basic 
qualitative  properties  of  magnetomechanical  hysteresis. 
However,  the  minor  loop  behavior,  which  as  seen  in  Fig.  1 
consists  merely  of  horizontal  lines  connecting  major  loop 
branches,  is  too  simple  to  be  satisfactory.  To  get  a  better 
agreement,  with  real  behavior,  we  consider  an  assembly  of 
such  particles,  differing  only  by  the  magnitude  of  the  fric¬ 
tion.  Thus  they  have  the  same  nonhysteretic  properties,  the 
same  ratio  between  magnetic  and  mechanical  friction,  etc.  To 
express  this,  we  associate  each  particle  with  a  dimensionless 
positive  scalar  a.  For  a  given  particle,  HF  and  TF  are  multi¬ 
plied  by  a  in  Eqs.  (2)  and  (4).  The  net  magnetization  and 
strain  are  written 

M=  I*  Mm[H(a),f(a)]a<*)da,  (6) 

Jo 


FIG.  3.  Flux  density  vs  magnetic  field  for  constant  values  of  T  and  strain  vs 
stress  for  constant  values  of  H.  Solid  lines = calculations,  dotted  lines 
= experiments. 
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FIG.  4.  Magnetic  and  mechanical  work  for  two  processes.  Upper  row,  pro¬ 
cess  A;  lower  row,  process  B.  Diagrams  to  the  left  show  controlled  stress- 
field  trajectories.  Solid  lines  calculations,  dotted  lines = experiments. 

5=  rSan[H(cx)J(a)]aa)da.  (7) 

Jo 

Here  H(a)  and  f(a)  are  the  values  of  H  and  f  for  a  particle 
with  frictional  multiplier  a  and  £(a)  is  a  weight  distribution 
giving  the  volume  fraction  for  the  corresponding  particle.  It 
satisfies  the  normalization  condition  J*o£(a)da=  1.  In  a  nu¬ 
merical  implementation,  we  must  use  a  finite  number  of  par¬ 
ticles  and  approximate  (6)  and  (7)  by  sums. 

It  is  straightforward  to  show  that  if  either  field  or  stress 
is  kept  constant,  the  model  behaves  like  the  classical  Prei- 
sach  model5  (CPM)  with  a  particular  configuration  of  param¬ 
eters.  However,  the  present  work  should  not  be  viewed  as  a 
mere  reformulation  of  the  CPM  since  the  CPM  is  only  de¬ 
fined  for  a  single  scalar  independent  variable  and  the  proper 
generalization  to  the  case  of  several  variables  is  far  from 
clear. 

III.  DETERMINATION  OF  PARAMETERS 

To  use  the  model,  we  need  a  method  for  determining 
material  parameters  from  experiments.  The  parameters  in¬ 
volved  are  the  anhysteretic  functions  Man(H,T )  and 
Sm(H,T ),  the  distribution  £(a),  and  the  friction  constants  HF 
and  Tf  .  We  will  in  this  work  not  actually  model  the  anhys¬ 
teretic  curves,  but  estimate  them  entirely  from  experiments 
in  the  following  manner:  If  we  define  M+(H,T)  and 
M~(H,T)  as  the  values  of  M  along  the  upper  and  lower 
branches  of  a  saturation  loop  with  respect  to  H  under  con¬ 
stant  T,  an  approximation  that  appears  to  be  quite  accurate 
is 

Mm(HJ)~\!2[M+{H-HcJ)  +  M-{H+Hc,T)l 

San(H,T)  can  be  similarly  estimated. 

£(a)  is  for  convenience  assumed  to  be  the  sum  of  a 
Gaussian  and  a  Dirac  delta  function 


£(a)=A  exp[“0“  l)2]  +  \£(a).  (8) 

Here  A  is  given  by  normalization  and  X  is  an  adjustable 
parameter.  The  second  term  in  this  expression  gives  a  fully 
reversible  contribution  since  a= 0  corresponds  to  the  fric¬ 
tionless  case.  In  a  small  minor  loop,  any  changes  are  due  to 
this  component  since  particles  with  a>0  then  have  minor 
loops  that  are  only  horizontal  lines  as  seen  in  Fig.  1.  We  can 
therefore  determine  X  as  the  ratio  between  the  slope  of  a 
small  minor  loop  for  some  arbitrary  ( H,T )  and  the  slope  of 
the  anhysteretic  curve  for  the  same 

Hf  and  T F  finally  can  be  found  from  for  instance  mag¬ 
netic  and  mechanical  losses.  For  a  major  M,H  loop  under 
constant  7\  the  loss  contribution  from  a  particle  is  clearly 
AaHFMs  where  Ms  is  the  saturation  magnetization.  The  to¬ 
tal  loss  of  a  major  loop  is  therefore  [4HFMJ§  a£(a)da] 
which  is  proportional  to  H F .  In  this  manner,  HF  can  be 
adjusted  to  fit  a  measured  magnetic  loss.  Similarly,  T F  can  be 
estimated  from  a  measured  mechanical  loss  §  T  dS  under 
constant  H. 

IV.  RESULTS  AND  CONCLUSION 

Computations  have  been  compared  to  experiments  done 
on  a  sample  of  Terfenol-D.  The  experimental  equipment  has 
been  described  in  Ref.  6.  Parameter  values  were  \=0.48, 
Hf=  2.56  kA/m,  TF-  1.6  MPa.  Figure  3  shows  some  results 
when  either  field  or  stress  is  kept  constant.  In  Fig.  4  are 
shown  two  cases,  labeled  A  and  B,  of  simultaneously  or  al¬ 
ternatively  changing  field  and  stress.  These  are  examples  of 
how  magnetic  energy  can  be  converted  to  mechanical  energy. 
The  supplied  positive  net  magnetic  work  is  WH=§  H  dB 
giving  a  negative  net  mechanical  work  WT=§  T  dS.  The  net 
total  work  WH+WT** 0  is  dissipated.  The  relative  loss 
(WH+  WT)/WH  was  measured  to  be  65%  and  42%  for  cases 
A  and  B,  respectively,  while  model  calculations  gave  57% 
and  45%.  This  shows  that  hysteresis  losses  are  very  signifi¬ 
cant  for  these  processes  and  that  they  are  quite  well  esti¬ 
mated  by  the  model. 

It  is  found  that  the  model  shows  a  fair  accuracy  for  pro¬ 
cesses  when  field,  stress,  or  both  are  changing  in  time  and 
that  this  is  achieved  at  a  modest  cost  in  terms  of  computa¬ 
tional  complexity  and  experimental  characterization  of  a  ma¬ 
terial. 
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I.  INTRODUCTION 

The  phenomenology  of  thermally  activated  demagneti¬ 
zation  is  discussed  by  assuming  that  the  magnetic  system 
under  consideration  can  be  described  in  terms  of  a  distribu¬ 
tion  of  noninteracting,  local  two-level  subsystems,1,2  each 
one  relaxing  according  to  the  Arrehnius-Neel  kinetics.3  This 
assumption  is  based  on  the  occurrence  of  energy  barriers, 
linked  to  the  effective  anisotropy  and  preventing  the  system 
from  evolving  from  the  remanence-type  states  to  reversed 
ones.  In  the  framework  of  this  approach  it  could,  in  principle, 
be  possible  to  correlate  the  so-called  magnetic  viscosity  data, 
that  is,  the  time  evolution  of  the  magnetization  measured  at 
constant  applied  field  and  temperature,  with  some  character¬ 
istics  of  the  distribution  of  energy  barriers  and  eventually 
with  the  intrinsic  and  extrinsic  properties  originating  those 
barriers.4 

Nevertheless,  the  two-level  subsystems  approach  is  only 
acceptable  if  the  process  of  temperature  induced  overcoming 
of  the  local  barriers  can  be  described  in  terms  of  a  reduced 
number  of  degrees  of  freedom,  that  is,  considering  a  mecha¬ 
nism  of  the  coherent  rotation  type.5  Since  with  a  few  excep¬ 
tions,  coherent  rotation  cannot  quantitatively  account  for  the 
magnetization  reversal  of  real  materials,  the  appropriateness 
of  the  approach  should  then  be  scrutinized  in  detail.  Also, 
and  importantly,  recent  experimental6,7  and  simulation8,9 
works  have  evidenced  the  occurrence  in  simple  systems  of 
significant  departures  from  the  predictions  of  the  two-level 
Arrehnius-Neel  relaxation  kinetics. 

The  aim  of  the  present  work  is  to  examine,  in  the  frame¬ 
work  of  the  micromagnetic  approximation,  a  simple  mag¬ 
netic  relaxation  case:  that  corresponding  to  identical,  nonin¬ 
teracting  individual  magnetic  entities  having  many  degrees 
of  freedom. 

II.  DESCRIPTION  OF  THE  MODEL 

An  individual  relaxing  unit  (a  “particle,”  see  inset  in 
Fig.  1)  consists  of  a  chain  of  100  parallel  infinite  planes.  This 
size  is,  at  least,  one  order  of  magnitude  larger  than  the  dif¬ 
ferent  correlation  lengths  associated  with  the  considered  val¬ 
ues  of  the  model  parameters  describing  the  intrinsic  mag¬ 
netic  properties  of  our  system  and,  therefore,  our  results  are 
only  weakly  dependent  on  the  “particle”  size.  For  the  sake 


of  simplicity,  intraplane  and  interplane  exchange  constants 
are  considered  infinite  and  finite,  respectively,  which  makes 
up  our  model  one-dimensional,  although  the  magnetic  mo¬ 
ments  representing  each  plane  are  allowed  to  orient  in  three 
dimensions. 

The  intrinsic  magnetic  properties  of  the  “particle”  are 
defined  by  the  exchange-to-anisotropy  ratio,  a~Ad~2IK 
(where  A,  d ,  and  K  are  the  exchange  constant,  the  interplanar 
distance,  and  the  anisotropy  constant,  respectively)  and  by 
the  square  of  the  magnetization- to- anisotropy  ratio, 
m-  fi0M2s!2K  (where  Ms  is  the  saturation  magnetization). 
We  considered  values  for  these  parameters  (<2  =  5,  m  =  0.15, 
and  d  —  2.5  10-10  m)  corresponding  to  highly  anisotropic 
materials.  The  internal  energy  of  the  system  included  terms 
corresponding  to  the  anisotropy  energy  (local,  uniaxial),  the 
Zeeman  energy  (local,  unidirectional),  the  exchange  energy 
(first  neighbors)  as  well  as  the  magnetic  energy  (many-body 
interaction  although  in  one  dimension  it  can  be  reduced  to  a 
local  form).  Explicitly,  the  total  internal  energy  ET  writes  as 


1 


N 


N 


sin2(arccos(Mm.-M,))  +  //  2  um-uz 

2j=i  '  J- i 


N- 1  N 

Here  umi ,  uy ,  and  uz  are  unit  vectors  along  the  directions  of 
the  moment  at  the  zth  position  in  the  chain  and  along  the  OY 
and  the  OZ  axes  of  our  reference  system,  respectively  (both 


FIG.  1.  Evolution  with  the  number  of  MCS  of  the  reduced  total  moment 
corresponding  to  the  relaxation  shown  in  Figs.  2(a)  and  2(b). 
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FIG.  2.  Two  examples  of  system  configurations  observed  along  the  relax¬ 
ation  processes  and  corresponding  to  (a)  case  1  and  (b)  case  2  (see  text). 


the  easy  axis  and  the  demagnetizing  field  are  applied  along 
the  OZ  axis).  The  coefficient  Happ=fi0MsH/2K  gives  the 
applied  field,  H,  reduced  to  the  anisotropy  field.  The  evolu¬ 
tion  of  this  total  internal  energy  is  followed  by  a  Monte 
Carlo  algorithm  with  Metropolis  dynamics10  in  a  canonical 
ensemble  at  a  temperature  corresponding  to  2X10-4  of  the 
maximum  anisotropy  energy  attainable  by  the  system.  Re¬ 
garding  the  use  of  this  stochastic  method,  we  should  remark 
that  we  define  a  Monte  Carlo  step  (MCS)  as  the  process 
corresponding  to  the  consecutive  introduction  of  random 
modifications  in  all  the  degrees  of  freedom  of  the  system  (the 
bound  for  the  modification  of  the  two  angles  defining  the 
direction  of  every  moment  in  the  system  was  arbitrarily  cho¬ 
sen  as  9X10-3  rads).  If  the  attempt  frequency  (that  is  the 
time  rate  at  which  a  real  system  can  modify  its  degrees  of 
freedom)  is  known  (through  independent  physical  argu¬ 
ments)  the  number  of  MCS  can  be  converted  into  time  units. 
In  all  the  cases,  the  relaxation  proceeds  from  a  saturation 
state  in  which  the  magnetization  of  the  “particle”  points 
along  the  easy  axis  and  antiparallel  to  the  applied  field. 

HI.  RESULTS  AND  DISCUSSION 

In  Figs.  2(a)  and  2(b)  we  present  two  different  examples 
of  the  evolution  with  the  number  of  MCS  of  the  configura¬ 
tion  of  a  “particle”  during  its  relaxation  at  a  constant  re¬ 
duced  field  Happ=l.l  (we  have  plotted  the  component  along 
the  easy  axis  direction  of  the  magnetic  moments  forming  the 
system  as  a  function  of  their  position  in  the  chain).  Relax¬ 
ation  proceeds  through  the  formation  of  a  nucleus  of  out- 
from-the-easy  axis  moments  which  can  be  originated  either 
at  one  of  the  ends  of  the  chain  [case  1,  Fig.  2(a)]  or  in  any 
other  position  inside  it  [case  2,  Fig.  2(b)].  The  moments  in 
those  nuclei  reverse  rapidly  their  direction  forming  one  (case 
1)  or  two  (case  2)  structures  similar  to  180°  domain  walls 
which  sweep  the  “particle”  leading  to  the  reversal  of  its  total 
moment. 


FIG.  3.  Distributions  of  reversal  events  (a)  total;  (b)  subdistribution  corre¬ 
sponding  to  case  1 ;  and  (c)  sub  distribution  corresponding  to  case  2. 


The  evolution  with  the  number  of  MCS  of  the  OZ  com¬ 
ponents  of  the  reduced  total  moment  of  the  “particle”  corre¬ 
sponding  to  these  relaxation  processes  are  shown  in  Fig.  1. 
As  it  is  clear  from  this  figure,  in  both  cases,  a  range  of 
“time”  (MCS)  exists  in  which  the  fluctuations  on  the  orien¬ 
tation  of  the  magnetic  moments  forming  the  “particle”  do 
not  lead  to  any  change  of  the  macroscopic  state  of  the  sys¬ 
tem.  During  this  “time”  range  the  system  is  slowly  evolving 
towards  the  formation  of  the  nucleus  which  is  responsible  for 
the  onset  of  the  global  reversal  but  since  that  nucleus  has  a 
domain  wall-type  structure,  its  formation  cannot  be  de¬ 
scribed  as  a  sequential  process  but  as  a  collective  one,  requir¬ 
ing  the  coupling  of  many  degrees  of  freedom. 

In  order  to  get  statistical  information  about  the  number 
of  MCS  required  to  observe  the  reversal  of  the  “particle”  (or 
equivalently,  to  observe  a  relaxation  process  in  a  system 
formed  by  many  identical,  noninteracting  particles),  we  run 
1.3X104  independent  relaxations.  The  results  of  this  simula¬ 
tion  are  presented  in  Fig.  3(a)  where  we  show  the  distribu¬ 
tion  of  reversal  events  (characterized  as  corresponding  to  the 
achievement  of  the  negative  saturation)  as  a  function  of  the 
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FIG.  4.  Probabilities  of  total  moment  reversal  after  a  given  number  of  MCS 
corresponding  to  cases  1  and  2.  The  Arrehnius  prediction  corresponding  to 
case  1  (see  text)  is  also  shown. 


number  of  MCS  (the  data  in  the  figure  have  been  smoothed 
by  adjacent  averaging). 

As  it  is  apparent  from  the  figure  the  distribution  presents 
two  resolvable  peaks.  By  identifying,  during  the  relaxation 
process,  the  nucleation  site,  we  were  able  to  decompose  the 
total  distribution  of  reversal  events  in  the  two  subdistribu¬ 
tions  shown  in  Figs.  3(b)  and  3(c)  and  corresponding  to  the  1 
and  2  nucleation  cases,  respectively. 

In  Fig.  4  we  have  plotted  the  probabilities  of  total  mo¬ 
ment  reversal  after  a  given  number  of  MCS  corresponding  to 
the  two  types  of  nucleation  we  have  detected.  These  prob¬ 
abilities  are  obtained,  by  integration,  from  the  results  in  Figs. 
3(b)  and  3(c).  In  both  cases,  the  reversal  probabilities  are 
zero  in  the  initial  range  of  MCS,  indicating  a  remarkable 
difference  with  the  classical  Arrehnius-Neel  description  of 
relaxation  for  which  that  probability  is  different  from  zero 
for  arbitrarily  small  times3  {for  the  sake  of  comparison  with 
the  Arrehnius-Neel  predictions,  we  present  in  Fig.  4  the 
curve  [l-exp(-MCS/<MCSl»]  where  (MCS1)  is  the  aver¬ 
age  value  corresponding  to  the  case  1  subdistribution,  Fig. 
3(b)}.  Interestingly,  the  “waiting  time”  corresponding  to 
both  subdistributions  (i.e.,  the  range  of  MCS  for  which  the 
reversal  probability  is  zero)  seems  to  be  very  similar  (same 
probability  for  both  nucleation  sites)  which  allows  us  to  dis¬ 
tinguish  the  observed  phenomenology  from  a  real  bifurcation 
(occurrence  of  inequivalent  trajectories  linking  the  initial  and 
final  states).  Then,  we  identify  the  origin  of  the  two  maxima 
in  the  total  distribution  of  reversal  events  [Fig.  3(a)]  with  the 
presence  during  relaxation  of  one  or  two  domain  wall-like 
structures,  moving  in  the  last  case  in  opposite  sense  and  re¬ 
quiring  a  different  number  of  MCS  to  sweep  the  system.  This 
point  is  illustrated  in  Fig.  5  where  we  show  two  particular 
examples  of  the  evolution  with  the  number  of  MCS  of  the 


FIG.  5.  Two  examples  of  the  evolution  with  the  number  of  MCS  of  the 
dipolar  energy  of  the  system  corresponding  to  cases  1  and  2. 

dipolar  energy  stored  by  the  system  during  relaxations  taking 
place  through  both  modes  of  nucleation.  Accordingly  with 
our  idea,  the  number  of  MCS  required  to  achieve  complete 
reversal  of  the  total  magnetic  moment  was  larger  in  case  1 
(one  wall)  than  in  case  2  and  the  difference  of  MCS  between 
both  relaxation  cases  is  compatible  with  that  observed  be¬ 
tween  the  two  peaks  of  the  total  distribution. 

IV.  CONCLUSIONS 

From  our  results  we  can  conclude  that  thermally  acti¬ 
vated  relaxation  proceeds,  similarly  to  hysteresis,  through  a 
sequence  of  the  type  nucleation-domain  wall(s)  formation — 
domain  wall(s)  propagation.  Each  one  of  this  events  en- 
volves  a  limited  number  of  the  moments  in  our  system  but  a 
high  number  of  degrees  of  freedom.  As  consequence  of  this, 
the  evolution  with  the  number  of  MCS  of  the  orientation  of 
the  total  magnetic  moment  of  the  system  cannot  be  described 
in  terms  of  the  Arrehnius-Neel  kinetics  since  it  is  character¬ 
ized  by  the  occurrence  of  a  “waiting  time”  during  which  the 
different  degrees  of  freedom  of  the  system  collectively 
evolve  towards  the  formation  of  the  nucleus  which  is  precu- 
sor  of  the  global  relaxation. 
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The  S=  1/2,  nearest-neighbor,  kinetic  Ising  model  has  been  used  to  model  magnetization  switching 
in  nanoscale  ferromagnets.  For  this  model,  earlier  work  based  on  the  droplet  theory  of  the  decay  of 
metastable  phases  and  Monte  Carlo  simulations  has  shown  the  existence  of  a  size  dependent 
spinodal  field  which  separates  deterministic  and  stochastic  decay  regimes.  We  extend  the  above 
work  to  study  the  effects  of  an  oscillating  field  on  the  magnetization  response  of  the  kinetic  Ising 
model.  We  compute  the  power  spectral  density  of  the  time-dependent  magnetization  for  different 
values  of  the  amplitude  and  frequency  of  the  external  field,  using  Monte  Carlo  simulation  data.  We 
also  investigate  the  amplitude  and  frequency  dependence  of  the  probability  distributions  for  the 
hysteresis  loop  area  and  the  period-averaged  magnetization.  The  time-dependent  response  of  the 
system  is  classified  by  analyzing  the  behavior  of  these  quantities  within  the  framework  of  the 
distinct  deterministic  and  stochastic  decay  modes  mentioned  above.  ©  1996  American  Institute  of 
Physics .  [S002 1-8979(96)27708-9] 


I.  INTRODUCTION  exp(  -  /3A Et) 

-s,)=  J  +  exp(  _  pt±E.)  ’ 

where  A  E{  gives  the  change  in  the  energy  of  the  system  if 
the  spin  flip  is  accepted,  and  /3 —  UkBT. 

In  contrast  to  earlier  studies  of  hysteresis  in  Ising  mod¬ 
els,  we  have  performed  simulations  in  two  distinct  field  re¬ 
gimes.  It  has  recently  been  observed  that  the  metastable 
phase  in  Ising  models  exposed  to  a  static  field  H  decays  by 
different  mechanisms,  depending  on  H  and  the  system  size 
L?  For  fields  weaker  than  a  T  and  L  dependent  dynamic 
spinodal  field  i/DSP ,  the  mean  lifetime  r  of  the  metastable 
phase  is  comparable  to  the  standard  deviation  in  the  lifetime. 
This  field  region  is  termed  the  stochastic  or  single-droplet 
(SD)  region  because  decay  of  the  metastable  phase  proceeds 
by  random  nucleation  of  a  single  critical  droplet  of  the  stable 
phase.  For  fields  stronger  than  tfDSP,  the  mean  lifetime  of 
the  metastable  phase  is  much  greater  than  the  standard  de¬ 
viation  in  the  lifetime.  This  field  region  is  called  the  deter¬ 
ministic  or  multidroplet  (MD)  region  because  decay  of  the 
metastable  phase  proceeds  by  the  nucleation,  growth,  and 
coalescence  of  many  droplets  of  the  stable  phase.  The  study 
presented  here  is,  to  our  knowledge,  the  first  in  which  the 
effects  of  these  two  different  decay  mechanisms  on  hyster¬ 
esis  are  considered. 

In  our  simulations,  a  system  of  size  L  at  temperature  T  is 
prepared  with  ra(0)  =  0  and  the  up  and  down  spins  in  ran¬ 
dom  arrangement.  Then,  a  sinusoidal  field  H(t)  =  H0  sin  (tot) 
is  applied,  and  the  magnetization  m(t)  is  recorded.  The  field 
H(t)  is  changed  every  attempted  spin  flip,  allowing  for  a 
smooth  variation.  Using  the  m(t)  vs  t  data,  we  calculate 


Hysteresis  is  a  nonequilibrium  phenomenon  characteris¬ 
tic  of  metastable  systems.  The  kinetic  Ising  model,  for  tem¬ 
peratures  below  its  critical  temperature  Tc  and  at  nonzero 
external  fields  H ,  exhibits  a  metastable  phase.  If  H{t)  varies 
periodically  in  time,  the  response  of  the  system,  the  magne¬ 
tization  m(t),  lags  behind  the  forcing  field,  and  hysteresis 
occurs.  Previous  studies  of  hysteresis  have  been  performed, 
both  for  mean-field  models  and  for  the  Ising  model.1,2  In 
both  cases  the  hysteresis  loop  area,  A  —  —  <f>  mdH ,  was  found 
to  have  a  power-law  dependence  on  the  frequency  and  am¬ 
plitude  of  H  for  low  frequencies.  Also,  the  mean-field  mod¬ 
els  exhibit  a  dynamic  phase  transition  in  which  the  period- 
averaged  magnetization,  Q  =  (o)ll7r)j>  mdt ,  changes  from 
Qf  0  to  Q- 0.3,4  Magnetization  reversal  in  small  ferromag¬ 
netic  grains  has  been  modeled  with  a  kinetic  Ising  model  in 
static  fields.5  Also,  recent  experiments  on  ultrathin  ferromag¬ 
netic  Fe/Au(001)  films6  have  considered  the  frequency  de¬ 
pendence  of  hysteresis  loop  areas,  obtaining  exponents  that 
are  consistent  with  those  found  for  the  two  dimensional  Ising 
model.1 

The  model  used  in  our  study  is  a  kinetic,  nearest- 
neighbor  Ising  ferromagnet  on  a  square  lattice  with  periodic 
boundary  conditions.  The  Hamiltonian  is  given  by  3$  = 
-  J'2(ij)SiSj  -  H^iSi,  where  2^-)  runs  over  all  nearest- 
neighbor  pairs,  and  2,-  runs  over  all  N=L2  lattice  sites.  The 
dynamic  used  in  this  work  is  the  Glauber7  single  spin-flip 
Monte  Carlo  algorithm.  The  system  is  put  in  contact  with  a 
heat  bath  at  temperature  T,  and  each  spin  can  flip  from  S;  to 
~st  with  a  probability  given  by8 
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t(MCSS) 


FIG.  1.  Magnetization  m(t)  and  external  field  H(t)  vs  time  t  in  the  MD 
region  with  (2tt/o)) **300  Monte  Carlo  steps  per  spin  (MCSS),  H0~0.3J, 
and  the  lifetime  in  static  field  ^=0^75  MCSS.  The  darker  line  shows  m(t) 
and  the  lighter  line  denotes  H{t).  The  total  length  of  the  time  series  is 
16.9X106  MCSS.  The  ratio  of  the  period  of  H(t)  to  tw=0  is  ~4. 


power  spectral  densities  (PSD)  and  probability  distributions 
for  the  loop  area  A  and  the  period-averaged  magnetization  Q 
for  different  amplitudes  and  frequencies  of  H(t). 

II.  RESULTS 

Our  results  are  presented  so  as  to  contrast  the  behaviors 
of  the  hysteretic  magnetization  response  in  the  SD  and  MD 
regions.  All  of  the  results  shown  are  for  L-  64  and 
7=  0.87V  The  simulations  were  performed  at  two  field  am¬ 
plitudes  H0  and  several  frequencies  ox  One  value  of  H0  was 
chosen  such  that  for  o>=0,  the  system  was  clearly  in  the  SD 
region.  Similarly,  the  other  value  of  H0  was  chosen  such  that 
the  system  was  definitely  in  the  MD  region.  While  several 
frequencies  were  used,  here  we  show  results  for  a  value  of  oj 
for  which  the  magnetization  switches  many  times  over  the 
course  of  the  entire  simulated  time  series  [although  not  nec¬ 
essarily  with  the  same  periodicity  as  H(t)].  Figure  1  shows  a 
portion  of  the  time  series  in  the  MD  regime,  where  the  sys¬ 
tem  switches  over  several  periods  from  a  state  that  oscillates 
with  2>0,  to  a  state  that  oscillates  with  Q<0.  In  Fig.  2,  a 
portion  of  the  time  series  in  the  SD  regime  shows  oscilla¬ 
tions  with  Q  near  plus  or  minus  the  zero-field  spontaneous 
magnetization,  punctuated  by  random  switching  events  that 
are  completed  within  less  than  one  period  of  the  field  oscil¬ 
lation.  Here,  once  a  critical  droplet  forms  (in  a  Poisson  pro¬ 
cess),  the  stable  phase  quickly  takes  over  the  system. 

Figure  3  shows  the  PSDs  for  the  entire  time  series  of 
Figs.  1  and  2.  The  first  peak  in  the  MD  data  is  at  the  driving 
frequency  /md=(w/27t)  of  the  external  field.  The  higher- 
frequency  peaks  are  located  at  integer  multiples  of  /MD .  The 
first  peak  in  the  SD  data  is  at  the  driving  frequency  /SD  of  the 
external  field.  Here,  the  higher  frequency  harmonics  are  lo¬ 
cated  at  odd  integer  multiples  of  /SD .  Both  the  MD  and  SD 
data  show  large  low-frequency  components,  indicating  the 
slow  dynamics  of  the  magnetization  reversal  in  both  regimes. 
In  the  high-frequency  part  of  the  spectrum,  the  PSDs  have 


FIG.  2.  Magnetization  m(t )  and  external  field  H(t )  vs  time  t  in  the  SD 
regime  with  (27r/o>)=8192  MCSS,  H0—OAJ,  and  tw=0**2058  MCSS.  The 
darker  line  shows  m(t)  and  the  lighter  line  denotes  H(t).  The  total  length  of 
the  time  series  as  well  as  the  ratio  of  the  period  of  H(t)  to  are  the  same 
as  in  Fig.  1. 

slopes  on  the  log-log  plot  of  approximately  minus  two,  cor¬ 
responding  to  exponential  short-time  correlations. 

Figure  4  shows  the  probability  distributions  of  the  hys¬ 
teresis  loop  areas  A  for  the  data  of  Figs.  1  and  2.  The  distri¬ 
bution  for  the  MD  regime  shows  a  single  wide  peak,  since 
m(t)  lags  behind  H(t)  by  a  nearly  constant  phase  factor.  The 
distribution  in  the  SD  regime  has  a  narrow  peak  near  zero  as 
m(t)  oscillates  near  the  positive  or  negative  spontaneous 
magnetization  for  most  of  the  length  of  the  run.  The  narrow 
peak  between  the  scaled  A  values  of  0.4  and  0.5  corresponds 
to  the  rapid  switching  of  m(t)  via  the  nucleation  of  a  single, 
critical  droplet  of  the  stable  phase. 

Figure  5  shows  the  distributions  of  the  period-averaged 
magnetization  Q  for  the  data  in  Figs.  1  and  2.  The  distribu¬ 
tions  for  both  the  SD  and  the  MD  regions  show  a  double- 
peaked  structure.  The  two  sharp  peaks  in  the  SD  data  are  due 
to  m(0  oscillating  near  the  spontaneous  magnetization  val¬ 
ues  during  most  of  the  run.  The  distribution  for  the  MD 


FIG.  3.  PSDs  for  the  time  series  of  Figs.  1  and  2.  The  magnetization  is 
sampled  every  1.0  MCSS,  so  the  Nyquist  frequency  is  0.5  MCSS-1.  The 
lowest  frequency  that  can  be  resolved  for  both  PSDs  is  3.8 X 10-6  MCSS-1. 
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FIG.  4.  Probability  distributions  of  the  hysteresis  loop  areas,  A  =  -<f>  mdH. 
A  is  calculated  for  the  MD  (•)  and  SD  (□)  regions  from  the  data  of  Figs.  1 
and  2.  We  have  used  bins  of  size  0.1  for  the  area  values  for  both  data  sets. 
The  value  of  the  area  used  to  plot  each  of  the  points  is  the  mean  value  of  the 
loop  areas  over  a  particular  bin.  Note  that  the  loop  areas  have  been  normal¬ 
ized  by  AH0 ,  the  maximum  possible  loop  area.  The  number  of  events  (pe¬ 
riods)  for  the  SD  data  and  MD  data  is  different;  the  MD  distribution  uses 
56333  events  and  the  SD  distribution  uses  2062  events. 

regime  shows  two  peaks  as  well,  but  each  peak  is  much 
wider  than  in  the  SD  case.  The  positions  of  the  peaks  in  both 
distributions  have  been  found  to  be  frequency  dependent  as 
well  as  amplitude  dependent.  In  both  cases  the  slight  asym¬ 
metry  of  the  distribution  is  an  effect  of  the  finite  length  of  the 
time  series. 

Ilf.  CONCLUSION 

Our  results  show  distinct  differences  between  the  multi¬ 
droplet  region  and  the  single-droplet  region.  This  study 
shows  that  the  nature  of  the  response  of  an  Ising  system  does 
not  only  depend  on  the  competition  between  the  two  time 
scales:  the  oscillation  period  of  the  external  field,  and  the 
lifetime  of  the  metastable  state.  It  also  depends  on  the  mode 


FIG.  5.  Probability  distributions  of  the  period-averaged  magnetization, 
Q~{(x)!2tt)§  mdt.  Q  is  calculated  for  the  MD  and  SD  regions  from  the  data 
in  Figs.  1  and  2.  The  size  of  the  bins  used  and  the  quality  of  the  statistics  are 
the  same  as  in  Fig.  4. 

by  which  the  system  switches  magnetization  states,  which 
depends  not  only  on  the  field  amplitude  and  frequency,  but 
also  on  the  temperature  and  system  size. 
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This  study  forms  part  of  a  program  trying  to  determine  the  position  of  a  train  on  railway  using 
magnetic  spots.  In  this  paper,  we  investigate  the  influence  of  the  parameters  of  the  exciting  current 
pulse  on  the  residual  magnetization  of  a  hard  steel.  In  the  case  of  a  pulse  of  long  duration  and  small 
amplitude,  we  show  that  the  associated  hysteresis  problem  can  be  reduced  to  the  determination  of 
a  magnetic  field  distribution  due  to  a  fixed  magnetization.  We  define  this  magnetic  field  distribution 
by  means  of  a  boundary  integral  equations  method.  For  these  conditions,  the  internal  and  external 
induction  distributions  are  of  the  same  order  of  magnitude.  In  contrast,  for  pulses  of  short  duration 
(millisecond  or  less)  and  large  amplitude,  the  eddy  currents  in  hard  steel  lead  to  a  remanent 
magnetization  loop  which  is  permanently  trapped  by  the  hysteresis  phenomena.  The  residual 
external  induction  is  always  small,  and  is  not  representative  of  the  large  internal  magnetization. 
©  1996  American  Institute  of  Physics .  [S002 1-8979(96)27808-5] 


I.  INTRODUCTION 

We  are  interested  by  the  residual  magnetism  within  a 
conducting  ferromagnetic  volume  (F)  in  front  of  a  solenoid 
( B )  which  carries  a  pulsed  sinusoidal  current.  In  this  experi¬ 
ment,  the  volume  (F)  is  a  hard  steel  ball  as  shown  in  Fig.  1. 

Practically,  this  work  is  related  to  the  use  of  magnetic 
spots  on  railway1,2  in  the  aim  of  localizing  a  train.  For  this 
application,  the  ball  is  replaced  by  a  section  of  a  rail.  The 
time  duration  of  the  current  pulses  T0  must  be  relatively 
short  (less  than  millisecond)  because  of  the  high  actual  speed 
of  the  train  (more  than  300  Km/h).  This  leads  us  to  specify 
the  influence  of  T0  on  the  residual  magnetism  of  a  hard  steel. 

II.  SLOW  MAGNETIZATION 

We  assume  that  the  current  pulse  duration  T0  is  long 
enough  to  neglect  the  induced  current  in  the  volume  ( F ). 
This  is  equivalent  to  utilizing  an  insulating  ferromagnetic 
material.  The  simplest  representative  case  is  the  one  repre¬ 
sented  in  Fig.  2  where  the  magnetic  induction  b (t)  produced 
by  the  solenoid  is  uniform  in  the  absence  of  the  ball.  Indeed, 
the  study  is  made  easier  by  the  known  uniform  internal  de¬ 
magnetizing  field  — (1/3)J  in  the  sphere  of  uniform  magne¬ 
tization  J.  Thus,  the  magnetic  induction  B(/)  and  the  field 
H(0  in  the  sphere  are  still  uniform  and  linked  by  the  relation 

B(r)  =  -2^0H(t)  +  3b(0.  (1) 

So  we  are  lead  to  determine  the  maximum  induction  B0  seen 
by  (F)  and  its  residual  induction  br  as  shown  in  Fig.  3(a) 


FIG.  1 .  (a)  Experimental  device;  (b)  current  shape. 


where  we  have  represented  the  curve  B(H)  of  a  hard  steel. 
This  slow  magnetization  enables  us  to  determine  the 
Frolich’s  approximation  of  the  ball’s  first  magnetization 
curve: 


B  =  fi0H\  1  + 


0.012+  fi0Hj9 


(2) 


and  the  dependence  of  its  coercive  field  Hc  with  regard  to  the 
applied  magnetic  induction  peak  Bv  [Fig.  3(b)].  The  maximal 
residual  induction  in  the  ball  is  then  nearly  2/m0Hc .  We  note 
that  induction  values  Bv  of  about  2  T  could  be  obtained  with 
an  appropriate  magnetic  circuit. 

In  the  practical  case  of  a  railway  section,  the  residual 
magnetization  is  determined  using  as  magnetic  characteristic 
for  t>T0/2,  the  linear  law 

B-Mo  +  ^H,  (3) 

where  M0  is  the  magnetic  polarisation  at  f=T0/2.  Yet,  the 
vectorial  hysteresis3  problem  becomes  an  easier  permanent 
magnetization  one.  It  is  solved,  in  a  classical  way,  using  a 
boundary  integral  method.  Then,  we  calculate  a  superficial 
magnetic  charges  density  a(M)  at  the  interface  (s)  between 
air  and  rail  which  is  taken  as  a  solution  of  the  boundary 
integral  equation: 


bb=b(T0/2) 

(a) 


(b) 


(c) 


FIG.  2.  Distribution  of  the  induction;  (a)  without  ball;  (b)  with  ball  at 
f=r0/2;  (c)  residual  induction  at  t>T0. 
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FIG.  3.  (a)  Determination  of  magnetization  states  of  the  ball;  (b)  the  coer¬ 
cive  field  as  a  function  of  the  maximum  induction  seen. 


FIG.  5.  Normal  inductions  B0z  and  Brz  as  functions  of  the  rail  head  length 
x  at  ^  =  0.5  cm  for  (a)  the  above  face  (z  =  0);  (b)  the  bottom  face  (z=~ 3 
cm). 
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associated  with  the  constraint 


f  p0(M)dr+  I  cr(M)ds  =  0, 
J(f)  J(s) 


(5) 


where  p0=-div  Mq/ju,  is  the  known  volume  magnetic  charge 
density  in  the  rail.  The  residual  field  distribution  in  the  air 
hr(M)  is  then  given  by 


h'=i  ( L  ?  (”‘{M)dT+ /,« ?  )  -  <6) 


We  compute  this  method  numerically  in  the  case  of  a  rail 
section  of  60  cm  long  placed  in  front  of  the  solenoid  as 
shown  in  Fig.  4.  In  the  particular  conditions  where  the  coer¬ 
cive  field  is  800  A/m  and  the  peak  induction  is  1.2  T,  we 
obtained  the  results  shown  in  Figs.  5(a)  and  5(b). 


III.  FAST  MAGNETIZATION 

The  geometric  parameters  of  Fig.  1  being  as  follows: 
R=  10  mm,  a  =  51  mm,  e  =  9  mm,  c  =  4  mm,  the  previous 
ball  is  submitted  to  current  pulse  of  J0  =  400  fis  duration, 
and  70  =  3100  A  peak  amplitude.  The  solenoid  contains 
N=22  turns.  The  ball  has  been  previously  cut  by  electroero¬ 


sion  to  two  hemispheres  according  to  an  equatorial  plane  p 
(Fig.  1).  We  are  then  able  to  put  two  magnetic  flux  probes  of 
axe  A  (Fig.  1)  with  respective  radius  rx  =  4  mm,  r2  =  6  mm, 
between  the  hemispheres,  the  air  gap  being  reduced  to  a 
minimum  value.  A  third  probe  of  radius  r3  =  10  mm  has  been 
put  at  the  periphery  of  the  ball. 

The  integration  of  the  induced  voltages  record  vx  (t), 
v2(t),  and  u3(0  [Fig.  6(a)]  in  those  probes  gives,  respec¬ 
tively,  the  flux  evolutions  cpx{t ),  (p2(t ),  and  <p2(t)  repre¬ 
sented  in  Fig.  6(b).  After  this  magnetization,  the  residual 
induction  measured  around  the  ball  was  in  agreement  with 
the  behavior  of  the  Fig.  2(c).  The  maximum  value  on  the  axe 
A,  at  the  surface  of  the  ball  is  25X10~4  T.  We  have  also 
measured  a  permanent  attractive  force  of  47  N  between  the 
two  hemispheres.  This  force  would  be  negligible  in  the  case 
of  a  slow  magnetization  because  of  the  value  of  the  steel’s 
coercive  field.  The  flux  evolutions  in  the  Fig.  6(b)  show  that 
at  £=300  /xs,  the  ball  interior  peak  induction  is  relatively 
homogeneous  with  a  value  between  2  and  2.3  T. 

In  the  hypothesis  of  a  slow  magnetization,  this  result 
would  give  a  residual  induction  of  80X10  4  T  instead  of 
25X10-4  T  measured.  This  difference  is  due  to  the  induced 
current  which  leads  to  the  formation  of  a  flux  loop  subse¬ 
quently  trapped  in  permanence  by  the  magnetic  hysteresis. 
This  current  is  also  at  the  root  of  the  attractive  force  as  well 
as  the  cpi(t)  and  <p2(t)  bounds  of  41  /xWb  and  75  /xWb,  for 


FIG.  4.  Simulated  model. 


FIG.  6.  (a)  Induced  voltages  across  the  probes;  (b)  flux. 
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(a) :  t  =  80  ms,  A(p  =  lCT4  Wb 

(b) :  t  =  360  ps,  A<p  =  l(T4  Wb 

(c) :  t  =  560  ms,  Acp  =  2.5  x  10-5  Wb 
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FIG.  7.  Progressive  penetration  of  the  flux  in  the  ball. 


large  t ,  than  that  practically  null  cp3(t),  are  representative  of 
that  trapped  flux.  They  lead,  in  the  p  plane,  to  a  mean  re¬ 
sidual  induction  of  0.8  T,  in  agreement  with  the  47  N  force 
and  the  residual  induction  of  a  hard  steel  in  taking  into  ac¬ 
count  of  the  parasitic  air  gap  between  both  hemispheres.  Tak¬ 
ing  into  account  only  the  steel’s  first  magnetization  curve  and 
its  electric  conductivity  o-=4.17X  106(fl  m)-1,  we  modeled 
the  transient  rating  of  the  induction  diffusion4,5  in  the  ball  for 
conditions  close  to  the  previous  experimental  ones. 

In  Fig.  7,  we  give  the  equiflux  lines  with  step  A <p  for 
three  instants.  One  sees  the  progressive  flux  penetration  until 
t= 320  pi s  when  its  distribution  is  relatively  homogeneous 
and  its  density  is  close  to  2  T.  This  result  is  in  agreement 
with  the  experimental  one  shown  in  Fig.  6(b).  Then,  after  the 
extinction  of  the  excitation  current,  that  flux  is  closed  up 
within  the  ball  and  attenuates  very  slowly  [Fig.  7(c)].  The 
induction  normal  component  evolution,  in  the  equatorial 
plane  p ,  shown  in  Fig.  8,  is  also  in  agreement  with  these 
results. 


r(mm) 


FIG.  8.  The  normal  induction  evolution  at  the  plane  p. 

As  it  is  difficult  to  take  into  account  the  vectorial 
hysteresis,3,6  even  if  there  are  no  induced  currents,  we  have 
used  the  results  of  the  above  global  simulation7  to  simulate 
the  case  of  scalar  hysteresis,  taking  into  account  the  induc¬ 
tion  tangential  component.  In  these  conditions,  the  complete 
flux  attenuation  given  by  the  global  simulation  does  not  ap¬ 
pear,  in  agreement  with  the  experiment. 

IV.  CONCLUSION 

The  experiment  in  conjunction  with  the  modeling  pro¬ 
cess  shows  the  large  variation  of  the  internal  residual  mag¬ 
netization  of  a  conducting  sphere  with  magnetic  hysteresis, 
according  to  the  excitation  current  duration.  In  fact,  if  for  a 
slow  magnetization,  the  sphere  is  nearly  demagnetized,  it 
has,  in  contrast,  a  magnetization  close  to  its  remanent  one  if 
the  excitation  peak  current  is  short.  We  have  also 
investigated5  the  trapped  flux  phenomena  in  disks  cut  out  a 
rail  head.  Nevertheless,  in  that  case,  the  comparison  of  the 
residual  magnetization  with  the  slow  magnetization  one  is 
more  delicate. 
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The  magnetic  reversal  mechanism  in  perpendicularly  oriented,  premagnetized  Co  based  thin  film 
alloys,  induced  by  ultra  short  magnetic  field  exposure  of  a  few  picoseconds  duration  has  been 
studied.1  Field  pulses  with  a  magnitude  of  several  thousand  Tesla  were  generated  by  the  50  GeV 
final  focus  electron  beam  at  the  Stanford  Linear  Accelerator  Center  (SLAC).  Characteristic 
remanent  domain  patterns  are  observed  in  these  films  long  after  field  exposure  using  polar  Kerr 
microscopy.2  Complete  reversal  of  the  magnetization  is  found  to  occur  during  a  single  spin 
precession  event  of  6.0  ps  duration  where  the  inplane-field  amplitude  is  greater  or  equal  to  the 
macroscopically  determined  perpendicular  anisotropy  field.  Further,  a  wide  transition  range, 
dividing  the  reversed  and  nonreversed  regions  is  observed  which  is  broken  into  a  quasi  periodic 
stripe  domain  structure  with  stripe-width  0.3  fim.  As  a  main  result  of  this  experimental  study  we 
find  that  magnetization  reversal  on  this  time  scale  is  solely  governed  by  the  intrinsic  effective  field, 
i.e.,  anisotropy-  and  demagnetization-field  contributions,  rather  then  by  complex  curling  and 
buckling  mechanisms.3  Unique  insight  into  fundamental  spin  reversal  mechanisms  and  their 
ultimate  speed  in  thin  magnetic  recording  films  is  provided  by  these  experiments.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)70208-2] 
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A  theoretical  description  of  magnetic  switching  experiments  in  picosecond 
field  pulses 
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Siegmann  et  al  have  reported  that  the  magnetization  in  a  perpendicularly  oriented  CoPt  film  with 
a  uniaxial  anisotropy  field  of  20  000  Oe  was  reversed  when  the  film  was  exposed  to  a  20  000  Oe 
in-plane  pulsed  field  lasting  only  6  ps.  From  a  calculation  based  on  the  Gilbert  form  of  the  Landau- 
Lifshitz  equation  (LLG),  it  is  shown  that  the  experimental  result  is  consistent  with  the  LLG  model 
even  for  values  of  the  damping  constant  a  as  larger  as  0.5.  The  dependence  of  the  switching  time 
on  the  anisotropy  field  and  the  applied  field  are  presented  as  a  function  of  a  and  the  angle  /3  between 
the  applied  field  and  the  easy  axis.  Experiments  are  suggested  which  could  illuminate  the  damping 
mechanism  at  these  very  short  times.  ©  1996  American  Institute  of  Physics. 

[S0021-8979(96)78408-9] 


INTRODUCTION 

Studies  of  dynamic  switching  in  magnetic  materials1 
have  been  limited  for  experimental  reasons  to  field  pulse 
widths  th  in  the  nanosecond  regime  or  greater  except  in  a 
few  special  cases.2  Recently,  in  a  beautifully  conceived  ex¬ 
periment,  Siegmann  et  al?  demonstrated  that  the  remanent 
state  of  a  perpendicularly  oriented  film  of  CoPt  could  be 
switched  by  an  in-plane  field  with  th=6  ps  produced  by  an 
electron  beam  focused  to  a  few  square  microns.  The  anisot¬ 
ropy  field  Hk  of  the  CoPt  at  room  temperature  was  reported 
to  be  —20  000  Oe  and  the  magnitude  of  the  pulsed  field  in 
the  switched  region  where  thermal  effects  were  felt  to  be 
minimal  was  estimated  to  be  —20  000  Oe.  Because  this 
switching  time  is  more  than  two  orders  of  magnitude  faster 
than  those  observed  in  more  conventional  systems,  it  is 
tempting  to  speculate  that  if  the  spin-lattice  relaxation  time 
are  >rH ,  then  the  usual  damping  mechanisms  would  be  ef¬ 
fectively  inoperative  during  the  field  pulse  and  the  magneti¬ 
zation  would  precess  freely  in  the  total  effective  field.  In  fact, 
the  authors  pointed  out  that  the  results  were  consistent  with 
this  assumption. 

We  have  for  some  time  been  interested  in  the  high  speed 
switching  of  high  coercivity  materials  and  have  studied  so¬ 
lutions  to  the  Gilbert  form  of  the  Landau-Lifshitz  equation 
(LLG).4  In  this  paper  we  apply  that  methodology  to  the 
present  case  assuming  that  in  the  center  of  the  switched  re¬ 
gion,  the  film  can  be  treated  as  a  single  domain,  switching 
coherently.  For  the  particular  experimental  conditions  appli¬ 
cable  to  the  CoPt  film,  we  show  that  the  reversal  is  consistent 
with  LLG  even  for  values  of  a  as  large  as  0.5.  Other  experi¬ 
ments  are  suggested  which  could  illuminate  the  damping 
process  at  these  very  short  times. 

THEORETICAL  MODEL 

The  motion  of  the  magnetization  M  with  constant  mag¬ 
nitude  Ms  is  assumed  to  be  described  by  the  Gilbert  form  of 
the  Landau-Liftshitz  equation: 

dM  ,  ,  I  a  \  t  dM\ 

IT  —  H<MXHr)  +  y(M-3r),  (1) 


where  y=1.76X107  rad/Oe  s  is  the  gyromagnetic  ratio,  a  is 
the  phenomenological  damping  constant  and  H7  is  the  total 
effective  field  acting  on  M.  The  easy  axis  of  the  uniaxial  film 
is  taken  to  be  along  the  z  direction  (Fig.  1).  At  t~ 0,  with  M 
at  rest  in  the  +z  direction,  a  pulse  field  which  reaches  a 
constant  value  HA  in  a  time  Ar  is  applied  in  the  y-z  plane  at 
an  angle  (3  to  the  direction  and  after  a  time  rH  is  reduced 
to  zero.  The  total  effective  field  is  Hr=HA+H^  where 
YiK—HKzh~HK  cos  0k  is  an  effective  anisotropy  field  along 
the  z  direction.  Following  Gillette  and  Oshima,5  the  motion 
of  M  can  be  expressed  as  two  coupled  differential  equations 
which  can  be  integrated  numerically.  The  fourth-order 
Runge-Kutta  method  with  double  precision  was  used  to  find 
solutions.  The  accuracy  of  the  calculation  was  verified  by 
letting  Hk= 0  and  comparing  the  results  for  various  values  of 
step  size  to  the  analytical  solutions  for  the  isotropic  case.6 
For  step  sizes  between  10-5  and  10-3  ns,  the  error  in  MzfMs 
was  less  than  10-7  for  a—  0.1  over  the  entire  switching  time. 
In  all  the  results  described  below,  the  step  size  was  chosen  to 
be  10“5  ns.  The  switching  time  r  defined  as  the  time  at 
which  M 2  changes  sign  from  positive  to  negative  for  the  last 
time  before  the  field  is  shut  off,  varied  by  less  than  1%  for 
O^Af^l  ps.  For  convenience,  A t  was  taken  to  be  zero. 

RESULTS  AND  DISCUSSION 

We  first  examine  the  switching  process  for 
Ha~Hk=  20  000  Oe,  rH= 6  ps  and  /?=  90°,  the  conditions 


FIG.  1.  Definition  of  the  coordinate  system  used  in  this  calculation.  The 
uniaxial  easy  axis  (EA)  is  along  the  z  axis. 
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FIG.  2.  The  locus  of  the  magnetization  in  terms  of  its  reduced  components  (a)  MzIMs  vs  My! Ms  and  (b)  MxlMs  vs  My! Ms  as  a  function  of  time  for  the 
anisotropy  field  HK= 20  000  Oe,  the  applied  field  HA  =20  000  Oe,  the  damping  constant  a=0.1  and  the  applied  field  at  /3=90°  to  the  easy  axis.  The  full  circles 
are  plotted  every  0.2  ps. 


estimated  by  Siegmann  et  al?  The  locus  of  M  in  terms  of  its 
components  are  plotted  every  0.2  ps  in  Fig.  2  as  a  function  of 
time  for  a=0.1,  a  typical  value  for  many  materials.1  Initially 
since  Hr  is  at  45°  to  the  +z  direction,  M  precesses  out  of 
y—z  plane.  Since  the  damping  torque  which  tries  to  align  M 
with  H,  is  small,  M  precesses  at  a  large  angle  to  Hr  and  the 
polar  angle  6  increases  rapidly.  This  reduces  the  value  of  the 
anisotropy  field  HK  cos  6  so  that  the  direction  of  Hr  moves 
quickly  to  and  passed  the  +y  direction.  This,  in  turn,  drives 
M  across  the  hard  plane  toward  the  —  z  direction  in  5.2  ps. 
When  Ha  is  shut  off  after  6  ps,  M  continues  to  precess 
around  HA  but  spirals  in  slowly  toward  the  ~z  direction, 
taking  about  82  ps  for  Mz  to  reach  0.95 M s . 

If  we  test  the  sensitivity  of  r  to  the  value  of  a  for  the 
same  conditions,  we  find  (Fig.  3)  that  r  is  relatively  insensi¬ 
tive  to  a  up  to  a~0.5  above  which  r  increases  rapidly.  Thus 
the  results  of  Siegmann  et  al ?  in  CoPt  are  consistent  with  the 


FIG.  3.  The  switching  time  t  vs  dampling  constant  a  for  HA  —20  000  Oe 
and  Hk= 20  000  Oe  with  £=90°. 


classical  LLG  model  over  a  wide  range  of  a  and  are  not 
inconsistent  with  the  inclusion  of  normal  damping  processes. 

It  should  be  noted  that  if  HA  was  not  terminated  after  6 
ps,  then  M  would  continue  to  precess  around  the  +y  direc¬ 
tion  and  after  ~18  ps,  Mz  would  become  positive  again.  If 
Ha  was  then  terminated,  no  change  in  the  remanent  state 
would  be  observed. 

The  value  of  tvs  the  reduced  field  h~HA/HK  for  sev¬ 
eral  values  of  HK  with  /3= 90°  and  a= 0.1  are  shown  in  Fig. 
4.  That  the  minimum  critical  field  for  switching  is  less  than 
the  equilibrium  S toner- Wohlfarth  value  of  h  =  l  when  a<  1 
and  Ar=0  had  been  pointed  out  previously.4  For  h  greater 
than  the  minimum  switching  value,  the  value  of  r  decreases 
as  Hk  increases  for  constant  h . 

When  /?^90°,  the  switching  time  r  becomes  much  more 
sensitive  to  a ,  suggesting  that  experiments  at  other  angles 
could  illuminate  the  damping  process  more  clearly.  The  de- 


FIG.  4.  The  switching  time  r  vs  the  reduced  field  h  for  several  values  of  the 
anistropy  field  HK  with  #=0.1  and  /3=90°. 
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FIG.  5.  The  switching  time  r  vs  applied  field  direction  f3  for  several  values 
of  the  damping  constant  a  with  the  anisotropy  field  HK= 20  000  Oe  and  the 
applied  field  HA- 20  000  Oe. 


pendence  of  r  on  ft  for  several  values  of  a  with 
Ha=Hk=  20  000  Oe  is  shown  in  Fig.  5.  For  a—  1,  r  ap¬ 
proaches  100  ps  when  /3=90°  or  180°,  with  a  broad  mini¬ 
mum  at  130°.  As  a  decreases,  the  minimum  value  of  r  drops 
to  less  than  6  ps  and  shifts  to  /3=  98°  when  a=0.001.  The 
values  of  r  increase  less  than  2%  when  f3-  90°  but  mono- 
tonically  to  <100  ps  as  f3  approaches  180°.  The  increase  in  r 


H  =  20000  Oe,  H  =  20000  Oe,fi  =  179°, a  =  0.1 

A  K  r 
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FIG.  6.  The  locus  of  the  magnetization  in  terms  of  its  reduced  components 
MzIMs  vs  MylMs  as  a  function  of  time  for  the  anisotropy  field 
Hk= 20  000  Oe,  the  applied  field  #*=20  000  Oe  and  the  damping  constant 
<2=0.1  with  the  applied  field  at  /?=179°.  The  full  circles  are  plotted  every 
0.2  ps. 
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FIG,  7.  The  normalized  component  of  magnetization  MzIMs  vs  time  for 
several  values  of  applied  field  direction  (3  for  the  anisotropy  field 
Hk- 20  000  Oe  and  the  applied  field  HA=  20  000  Oe  with  damping  constant 
<2=0.1. 

at  small  values  of  a  as  /3^180°  can  easily  be  understood 
from  Fig.  6  which  shows  that  M  precesses  for  several  cycles 
before  crossing  the  hard  plane. 

In  Fig.  5  it  can  be  seen  that  the  switching  time  r  is 
discontinuous  between  l55°</3<\65°  when  a<0.1.  This 
can  be  understood  from  a  plot  of  MZ!MS  vs  time  for  differ¬ 
ent  values  of  (3  with,  for  example,  a=0.1  (Fig.  7).  As  j3 
changes  from  162°  to  163°,  the  time  at  which  the  magneti¬ 
zation  crosses  the  hard  plane  switches  discontinuously  from 
the  first  precession  cycle  to  the  second  precession  cycle. 

The  experimental  beam  conditions  which  determine  the 
amplitude  and  length  of  the  pulse  field  are  presumably  not 
easily  changed.  However,  if  the  anisotropy  field  of  the 
sample  could  be  increased  to  40  000  Oe  and  reliable  mea¬ 
surements  made  nearer  to  the  beam  center  where  the  pulse 
field  would  be  larger,  then  r  near  /3=90°  would  be  2.6  ps.  A 
measurement  of  tvs  f3  with  rH=6  ps  should  then  be  able  to 
detect  a  critical  switching  angle  (Fig.  5)  from  the  effective 
value  of  a  could  be  determined. 
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The  reflectivity  of  circularly  polarized  (CP)  soft  x  rays  is  a  technique  which  combines  the  power  of 
x-ray  scattering  and  magnetic  circular  dichroism  and  allows  the  structural  and  magnetic 
characterization  of  heteromagnetic  multilayers.  In  this  technique,  the  energy  and  angular 
dependence  of  the  differential  reflectivity  of  left-  and  right-circularly  polarized  soft  x  rays  at  the 
relevant  absorption  edges  of  the  constituent  elements  of  the  multilayers  are  measured.  As  examples 
the  reflectivity  curves  for  single  films  of  Fe,  Co,  ordered  and  disordered  Fe50Co50  alloys,  and  for  a 
trilayer  consisting  of  two  single  crystal  Fe3oCo70  films  separated  by  an  8.7  A  Mn  spacer  layer  media 
utilizing  complex  dielectric  tensors  with  no  free  parameters  show  that  the  rich  reflectivity  curves  can 
be  used  to  determine  the  multilayer  magnetic  ordering,  film  thicknesses,  interface  quality,  as  well  as 
differentiating  between  ordered  and  disordered  alloys.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)70308-9] 
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Giant  magnetic  effects  in  the  /.-edge  extended  x-ray  absorption  fine 
structure  of  3d  transition  metals 
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A  systematic  extended  x-ray  absorption  fine  structure  (EXAFS)  study  at  the  L  edges  of 
ferromagnetic  Fe,  Co,  and  Ni  thin  films  has  been  conducted  using  circular  polarized  soft  x  rays.  A 
very  large  helicity  dependence  has  been  observed  in  the  L-edge  EXAFS  spectra.  Surprisingly,  in 
contradiction  with  prior  works,  these  magnetic  EXAFS  results  indicate  a  nonlinear  dependence  of 
this  effect  on  the  magnetic  polarization  of  the  scattering  atom.  The  data  further  indicate  that  the 
dominant  scattering  paths  responsible  for  the  effect  are  different  from  those  responsible  for  EXAFS. 

A  discussion  of  the  results  in  relation  to  the  present  understanding  of  the  underlying  mechanism  and 
its  ramifications  to  the  existing  theoretical  frameworks  is  also  presented.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)78508-5] 


The  possibility  of  adding  magnetic  selectivity  to  the 
scope  of  extended  x-ray  absorption  fine  structure  (EXAFS) 
has  prompted  considerable  interest  in  its  spin-dependent 
counterpart,  spin-polarized  EXAFS  (SPEXAFS)  or,  more  ap¬ 
propriately,  magnetic  EXAFS  (MEXAFS).  MEXAFS  is  the 
natural  extension  of  x-ray  absorption  magnetic  circular  di- 
chroism  (MCD)  analysis  beyond  the  near-edge  region  and 
into  the  extended  fine  structure  region.  Both  MCD  and 
MEXAFS  are  measures  of  the  difference  in  the  absorption  of 
left-  and  right-circular  polarized  photons  at  the  absorption 
edges  of  the  material  under  investigation. 

EXAFS  is  a  mature,  chemically  selective  spectroscopic 
method  for  local  atomic  structure  determination.1  On  the 
other  hand,  MEXAFS,  which  is  related  to  the  magnetic 
short-range  order,  is  still  in  its  infancy.  The  lack  of  a  first- 
principles  theory  allowing  for  the  extraction  of  tangible 
quantitative  material  parameters  and  the  added  difficulty  of 
the  MEXAFS  measurements  due  to  the  small  size  of  the 
effect  have  hampered  the  generation  of  a  deeper  understand¬ 
ing  of  the  underlying  mechanism.  Its  origin  is  primarily  the 
spin- orbit  interaction  of  the  core  electrons  and  the  exchange 
interaction  between  the  spin-polarized  photoelectron  and  the 
magnetically  polarized  neighboring  atoms.  The  feasibility  of 
MEXAFS  was  first  demonstrated  on  3  d  transition  metal 
L'-edge  and  4/  rare-earth  L-edge  measurements.2  In  later 
studies,2-8  it  was  almost  universally  found  that,  for  these 
edges,  the  size  of  the  MEXAFS  oscillations  is  linearly  pro¬ 
portional  to  the  spin  moment  of  the  scattering  atom.  Finally, 
in  the  case  of  the  pure  3  d  metals  Fe,  Co,  and  Ni,  it  was 
found  that  the  MEXAFS  oscillations  are  in  phase  with  the 
EXAFS  oscillations,  further  supporting  the  notion  that  this 
effect  is  due  primarily  to  the  scattering  from  magnetic  near¬ 
est  neighbors.6-8 

Until  now,  due  to  the  lack  of  a  suitable  circular  polarized 
photon  source  as  well  as  the  lack  of  an  established  data  re¬ 
duction  procedure,  this  type  of  study  has  not  been  extended 
to  the  lower  binding  energy  L  edges  of  the  transition  metals. 
The  standard  EXAFS  analysis  is  complicated  by  the  small 


a)Mailing  address:  NSLS  Bldg.  725A/U4B,  Brookhaven  National  Labora¬ 
tory,  Upton,  NY  11973. 


energy  separation  of  the  L3  and  L2  edges  in  transition  metals, 
causing  the  (M)EXAFS  oscillations  for  these  edges  to  over¬ 
lap.  Furthermore,  the  MEXAFS  oscillations  for  the  well 
separated  L3  and  L2  edges  of  rare-earth  elements  show  iden¬ 
tical  structure,  but  of  opposite  sign,  prompting  prior  investi¬ 
gators  to  suggest  that,  due  to  this  cancellation,  measurements 
at  the  overlapping  L  edges  of  the  3  d  elements  would  yield  a 
negligible  MEXAFS  signal  and  hence  be  impractical.4,6  Nev¬ 
ertheless,  due  to  the  strong  dipole  transition  to  the  magneti¬ 
cally  interesting  3d  states,  the  MEXAFS  effect  may  be  much 
larger  at  the  L  edges  of  transition  metals  than  their  K  edges, 
where  the  earlier  studies  were  conducted.  (Similar  arguments 
apply  to  the  M  edges  vs  L  edges  of  4/  rare  earths.) 

In  order  to  test  the  above  hypotheses  and  to  demonstrate 
the  feasibility  of  the  MEXAFS  measurements  for  the  L  edges 
of  3d  transition  metals,  transmission  MCD  measurements 
extended  to  the  EXAFS  region  have  been  performed  for  Fe, 
Co,  and  Ni  thin  films.  Helicity  dependent  soft  x-ray  absorp¬ 
tion  spectra  (XAS)  were  obtained  by  measuring  the  relative 
photon  flux  transmitted  through  the  magnetic  thin  films  using 
a  photodiode  mounted  behind  the  sample.  Details  of  the  ex¬ 
perimental  procedures  are  described  elsewhere.9,10  Numer¬ 
ous  scans  were  collected  over  a  period  of  25-30  h  for  each 
sample  to  improve  the  signal-to-noise  quality  of  the  data.11 

The  films  were  grown  under  ultrahigh  vacuum  condi¬ 
tions  by  e-beam  evaporation  from  pure-metal  sources  onto 
~  1-yam-thick  semitransparent  parylene  (C8H8)„ ,  substrates. 
The  film  growth  as  well  as  the  measurements  were  con¬ 
ducted  at  room  temperature.  The  film  thicknesses  (about 
250-300  A)  were  independently  determined  by  comparing 
the  measured  absorption  to  the  calculated  atomic  photoab¬ 
sorption  cross  sections  and  by  ex  situ  x-ray  fluorescence 
methods.  In  situ  element-specific  magnetic  hysteresis 
measurements12,13  show  these  films  to  display  nearly  square 
magnetization  behavior  with  remnant  magnetizations  of 
90%-100%.  The  structure  of  the  deposited  films  can  be  in¬ 
ferred  from  the  measured  L-edge  EXAFS  oscillations.  An 
analysis  of  the  data  indicates  that  the  Fe,  Co,  and  Ni  films  are 
most  likely  in  the  bcc,  hep,  and  fee  phases,  respectively,14 
consistent  with  structural  determinations  for  the  evaporation 
of  these  materials  on  glass  slides.  In  addition,  the  bcc  struc- 
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Photon  Energy  (eV) 

FIG.  1.  The  L2>3  XAS  (EXAFS)  (top  panel)  and  MCD  (MEXAFS)  (bottom 
panel)  for  the  Fe  thin  film.  The  solid  curve  through  the  MCD  data  in  the 
EXAFS  region  is  the  result  of  numerical  smoothing  and  is  provided  as  a 
guide  to  the  eye.  The  experimental  geometry  for  the  acquisition  of  the 
helicity-dependent  (M)EXAFS  spectra  is  also  shown. 


ture  of  the  Fe  film  was  verified  by  X-edge  EXAFS  measure¬ 
ments  for  a  Fe  thin  film  similar  to  the  one  used  in  the  L-edge 
work  (after  capping  with  a  vanadium  overlayer  to  prevent 
oxidation).15 

The  results  for  the  Fe  film  are  shown  in  Fig.  1.  The 
figure  shows  the  total  absorptivity  (XAS), 
/x(co)-/x+(a>)+/x_(oj),  and  the  dichroic  signal  (MCD), 
8ia{cl>)= fL+(co)- The  MCD  spectrum  was  scaled  to 
correct  for  the  incomplete  circular  polarization  of  the  pho¬ 
tons  and  the  photon  incidence  angle.  A  smoothly  varying, 
single  cubic-spline  spin-independent  continuum  background 
function  has  been  removed  from  the  EXAFS  region  and  the 
data  were  normalized  in  the  usual  way  to  yield  a  combined 
L2< 3  edge  jump  of  unity  after  the  L2  edge. 

A  comparison  of  the  results  for  Fe,  Co,  and  Ni  (M)EX- 
AFS  is  possible  after  a  standard  conversion  of  the  data  to 
momentum  space,  as  shown  in  Fig.  2. 16  Here 
X(k)  =  Ui(k)ffi0(k)]-l  and  XmW  =  Sfi(k)/fi0(k),  where 
fji0(k)  is  the  spin-independent  high-energy  continuum  back¬ 
ground.  Note  that  the  intensity  variations  of  the  EXAFS  os¬ 
cillations  are  about  ±6%-7%  of  the  edge  jump.  Considering 
that  the  measurements  were  made  at  room  temperature  and 
that  the  films  are  polycrystalline,  this  indicates  a  relatively 
large  coherence  length  for  the  crystallites  in  the  films.  As  is 
readily  apparent  in  Fig.  2  there  is  a  substantial  difference 
between  the  detailed  shapes  of  the  EXAFS  oscillations  for  Fe 
and  for  Co  and  Ni.  This  is  due,  in  part,  to  the  differences  in 
the  local  atomic  structure  of  these  films  (Fe:  bcc;  Co:  hep; 
Ni:  fee).  The  EXAFS  for  Co  and  Ni  films  are,  as  expected, 
strikingly  similar.  A  further  source  of  difference  between  the 
detailed  shapes  of  the  EXAFS  for  these  films  is  due  to  the 
changes  in  the  interference  between  the  oscillations  associ¬ 
ated  with  the  L3  and  L2  edges  (the  energy  separation  between 
the  two  edges  increases  in  going  from  Fe  to  Ni),  which  ac¬ 
counts  for  the  minor  differences  between  the  Co  and  Ni 
EXAFS. 

Although  the  EXAFS  oscillations  of  the  Fe,  Co,  and  Ni 
films  are  of  comparable  intensity,  the  relative  amplitude  of 
the  MEXAFS  oscillations,  compared  to  the  EXAFS  oscilla- 


FIG.  2.  The  L2)3  EXAFS,  *(£),  and  MEXAFS,  XmW*  for  Fe  (t0P  PanelX 
Co  (middle  panel),  and  Ni  (bottom  panel)  thin  films.  The  numerically 
smoothed  XmW  data  are  shown  for  clarity. 

tions,  changes  dramatically  in  going  from  Fe  to  Ni.  The  re¬ 
sults,  summarized  in  Table  I  show  that  XAfiWxW  is  ±5%, 
±2.5%,  and  ±0.5%  for  Fe,  Co,  and  Ni,  respectively.  Noting 
the  magnitudes  of  the  orbital  and  spin  moments  of  bcc  Fe, 
hep  Co,  and  fee  Ni,  also  shown  in  Table  I,  these  measure¬ 
ments  indicate  that  the  size  of  the  effect  does  not  scale  lin¬ 
early  with  the  spin  (or  with  the  orbital  or  total)  moment  of 
the  scattering  atom.  It  is  important  to  note  that  these  oscilla¬ 
tions  are  up  to  50  times  larger  than  those  observed  at  the  K 
edge  of  Fe2,3,5,8  and  Co,6  demonstrating  the  enhanced  sensi¬ 
tivity  of  the  L-edge  absorption  to  the  spin-dependent  scatter¬ 
ing  potential  of  the  neighboring  atoms.  Furthermore,  con¬ 
trary  to  the  X-edge  measurements,  an  inspection  of  the 
respective  EXAFS  and  MEXAFS  spectra  readily  indicates 
that  the  MEXAFS  spectra  are  not  in-phase  with  the  EXAFS 
spectra  and  display  higher  frequency  oscillations.  This 
clearly  indicates  that  the  scattering  paths  that  dominate 
MEXAFS  oscillations  are  not  the  same  as  those  which  give 
rise  to  the  EXAFS  oscillations.  Indeed,  the  shorter  wave¬ 
length,  higher  frequency  MEXAFS  signal  cannot  be  gener¬ 
ated  by  nearest-neighboring  single  scattering  paths,  but  is 

TABLE  I.  Summary  of  experimental  results,  showing  the  relative  size  of  the 
MEXAFS  effect  (xm).  as  compared  to  EXAFS  (x)  at  the  L23  edges  of  Fe, 
Co,  and  Ni  thin  films.  Also  shown  for  reference  are  the  electron  orbital  ( ml ) 
and  spin  ( ms )  moments  for  each  of  these  elements. 


Fe 

Co 

Ni 

mAl* s)a 

0.092 

0.147 

0.051 

ms(ixBY 

2.083 

1.523 

0.518 

Xm>X 

5  % 

2.5% 

0.5% 

aRoom  temperature  Einstein -de  Haas  gyromagnetic  ratio  measurements 
(Ref.  20). 
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dominated  by  longer  scattering  path  lengths,  most  likely 
from  multiple  scattering  events.  Multiple  scattering  is  con¬ 
sistent  with  both  the  higher  frequency  of  the  MEXAFS,  and 
the  nonlinear  dependence  of  the  MEXAFS  oscillations  with 
the  magnetic  moment  of  the  scattering  center. 

In  principle,  full  multiple-scattering  EXAFS  formalisms 
which  incorporate  the  appropriate  circular  polarized  selection 
rules  and  correct  spin-dependent  atomic  potentials  should 
completely  reproduce  these  spectra,  including  their  ampli¬ 
tude  dependence.  Theoretical  treatments  of  this  type  have 
been  attempted,17  with  particularly  good  agreement  for  the 
half-filled  shell  of  Gd.18  Although  variations  of  the  spin- 
dependent  portion  of  the  atomic  potential  results  in  only 
small  differences  in  the  individual  helicity  dependent  EX¬ 
AFS  spectra,  the  difference  of  the  two  spectra  measured  with 
opposite  light  helicity  (the  MEXAFS  spectra)  is  quite  sensi¬ 
tive  to  the  method  of  inclusion  of  the  spin-orbit  interaction 
of  the  core  electrons  which  generate  the  small  energy  differ¬ 
ences  in  the  spin-dependent  potentials.  In  fact,  the  detailed 
comparison  of  the  measured  MEXAFS  spectra  with  theoreti¬ 
cal  spectra  can  be  used  to  check  the  accuracy  of  the  calcu¬ 
lated  spin-dependent  potentials,  and  allow  for  the  refinement 
of  the  potential  parameters.  Combined  with  the  standard  EX¬ 
AFS  analysis  to  determine  structural  parameters,  it  is  pos¬ 
sible  to  extract  meaningful  magnetic  material  properties  from 
the  spin-dependent  atomic  potentials  determined  from  the 
MEXAFS  spectra. 

Interestingly,  we  have  found9  that  in  extracting  the  or¬ 
bital  and  spin  magnetic  moments  from  the  near  edge  MCD 
spectra  of  Fe  and  Co,  the  best  agreement  between  theory  and 
experiment  occurred  for  ab  initio  calculations  which  incor¬ 
porated  orbital  polarization  corrections.19  This  suggests  that, 
to  accurately  reproduce  the  MEXAFS  oscillations,  the  inclu¬ 
sion  of  orbital  polarization  effects  in  the  spin-dependent 
atomic  potentials  may  be  important. 

In  summary,  we  have  shown  that  the  L-edge  soft  x-ray 
absorption  spectra  of  polycrystalline  films  of  bcc  Fe,  hep  Co, 
and  fee  Ni  have  a  very  large  helicity  dependence,  far  larger 
than  for  their  K  edges.  The  relative  amplitude  of  the  L-edge 
MEXAFS  spectra  does  not  scale  linearly  with  the  magnetic 
moment  of  the  scattering  atom  and  the  oscillations  are  at  a 
higher  frequency  than  the  EXAFS  oscillations,  identifying 
the  dominant  scattering  paths  to  be  longer  than  those  for  the 
nearest  neighbors. 
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Magnetic  circular  dichroism  in  EELS  (abstract) 

G.  R.  Harp 

Department  of  Physics  and  Astronomy,  Ohio  University,  Athens,  Ohio  45701 

R.  F  C.  Farrow  and  R.  F.  Marks 

IBM  Research  Division,  Almaden  Research  Center,  650  Harry  Road,  San  Jose, 

California  95120-6099 

We  evaluate  the  possibility  of  using  dichroic  electron  energy  loss  spectroscopy  (DEELS)  as  an 
alternative  to  x-ray  magnetic  circular  dichroism  (XMCD).  It  is  well  known  that  electron  energy  loss 
spectroscopy  and  x-ray  absoiption  spectroscopy  are  highly  analogous,  providing  similar 
information.  A  simple  semiclassical  model  suggests  that  DEELS  might  have  a  magnetic  sensitivity 
similar  to  that  of  XMCD.  This  sensitivity  will  be  reduced,  however,  by  multiple  scattering  of  the 
probe  electron  before  and  after  the  energy  loss  event.  Thus  it  is  difficult  to  predict  the  magnitude  of 
the  DEELS  effect.  Experiments  were  performed  at  the  L-edge  of  polycrystalline  Fe,  Co,  and  Ni  thin 
film  samples  with  uniaxial  in-plane  magnetic  anisotropy,  prepared  in  situ  with  a  magnetic  bias  field. 
Even  in  those  most  favorable  cases,  the  DEELS  effect  is  seen  to  be  at  least  10  times  smaller  than 
similar  effects  in  XMCD.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)70408-3] 
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alloys  evidenced  by  x-ray  magnetic  circular  dichroism 

L.  M.  Garcia, a)  S.  Pizzini,  J.  P.  Rueff,  J.  Vogel,  R.  M.  Galera,  and  A.  Fontaine 

Laboratoire  L.  Neel,  CNRS,  B.P.  166X,  38042  Grenoble  Cedex,  France 

J.  P.  Kappler 

IP  CMS,  Rue  de  Loess,  67037,  Strasbourg,  France 

G.  Krill 

LURE,  Bat.  209D,  91405  Or  say,  France 

J.  Goedkoop 

ESRF,  B.P  220,  38042,  Grenoble,  France 

Magnetic  properties  of  amorphous  Er^Fe*  alloys  with  x^O.l  have  been  studied.  Macroscopic 
characterization  has  been  performed  by  measuring  temperature-  and  field-dependent  magnetization. 

Applying  a  magnetic  field  the  compensation  temperature  first  decreases,  but  increases  again  at  larger 
fields.  This  “exotic”  behavior  has  been  interpreted  in  terms  of  the  sperimagnetic  character  of  both 
subnetworks.  The  suggested  scheme  has  been  checked  by  measuring  x-ray  circular  magnetic 
dichroism  at  the  Er  M5-edge.  Using  this  atom-sensitive  technique  we  have  been  able  to  detect 
temperature-induced  as  well  as  field-induced  flips  of  the  Er-subnetwork  with  respect  to  the  direction 
of  the  applied  field.  ©  1996  American  Institute  of  Physics.  [S0021 -8979(96)78608-1] 


I.  INTRODUCTION 

Amorphous  alloys  have  received  much  attention  in  the 
last  years  due  to  their  interesting  properties  and  their  appli¬ 
cability  for  new  devices.1,2  Their  magnetic  properties  are 
strongly  affected  by  bond  and  chemical  disorder  causing  a 
distribution  of  magnetic  moments  and  exchange  interactions. 
Also,  the  randomly  varying  electrostatic  fields  create,  via 
spin-orbit  coupling,  locally  varying  single-site  anisotropies 
giving  rise  to  noncollinear  arrangements  of  the  magnetic  mo¬ 
ments.  These  sperimagnetic  structures  have  been  widely  ob¬ 
served  in  amorphous  rare-earth-transition-metals  alloys 
/?1_;c7Tx(0<x<l).1  The  large  spin-orbit  coupling  of  non¬ 
es' -state  rare  earths  gives  rise  to  large  local  anisotropies  and 
therefore  to  a  fan  structure  in  the  R  subnetwork  moment.  In 
the  case  of  7=Fe  noncollinear  structures  produced  by  the 
R-T  exchange  have  been  observed  also  in  the  Fe 
subnetwork.1 

In  the  case  of  heavy  R ,  where  R  and  T  moments  are 
coupled  antiparallel,3  the  different  temperature  dependence 
of  each  subnetwork  moment  can  lead  to  a  vanishing  global 
magnetization  at  a  temperature  rcomp  called  “compensation 
temperature.”  The  fan  magnetic  structure  in  amorphous 
sperimagnets  is  responsible  for  a  strong  dependence  of  the 
magnetization  of  each  subnetwork  on  the  applied  magnetic 
field.  rcomp  are  therefore  strongly  dependent  on  the  applied 
magnetic  field. 

The  objective  of  the  present  paper  is  to  characterize  the 
magnetic  behavior  of  an  amorphous  Er^Fe,*  (rc^O.70)  com¬ 
pound  from  a  macroscopic  point  of  view  and  to  study  inde¬ 
pendently  the  magnetic  behavior  of  the  Er  subnetwork  taking 
advantage  of  the  element  selectivity  of  x-ray  absorption 
spectroscopy.  X-ray  magnetic  circular  dichroism  (XMCD) 
measurements  were  performed  at  the  Er  M-edge  as  a  func¬ 
tion  of  temperature  and  applied  magnetic  field. 


a)On  leave  from  ICMA,  CSIC-Universidad  de  Zaragoza,  Spain. 


II.  MACROSCOPIC  STUDY 

Crystalline  alloys  of  Er!  _^Fex  with  nominal  composition 
jt =0.60  were  prepared  by  melting  the  starting  elements  in  a 
cold  crucible  furnace.  These  alloys  were  used  as  targets  in  a 
sputtering  chamber,  using  ionized  Ar  gas  as  sputter  gas. 
Amorphous  films  were  simultaneously  grown  on 
monocrystalline-Si  and  kapton  foils,  cooled  at  77  K.  A  Si- 
deposited  sample  was  used  in  the  XMCD  measurements  to 
optimize  the  thermal  contact  with  the  cryostat  head,  while 
the  kapton-deposited  samples  were  used  for  macroscopic 
measurements  in  order  to  reduce  the  diamagnetic  contribu¬ 
tion  of  the  substrate.  The  magnetic  properties  of  the  samples 
were  shown  to  be  independent  of  the  nature  of  the  substrate. 
Amorphization  was  checked  by  x-ray  diffraction.  Rutherford 
backscattering  (RBS)  with  a  particles  performed  on  the 
amorphous  films  gave  us  a  composition  of  x=0.73±0.01  and 
allowed  us  to  determine  the  sample  thickness.  The  work  pre¬ 
sented  in  this  paper  is  focused  on  two  samples:  sample  “a,” 
400  A  thick,  and  sample  “b,”  80  A  thick.  All  the  samples 
were  protected  against  oxidation  by  Cr  50  A  thick  films. 

Alternative  magnetic  susceptibility  (\)  was  measured  in 
sample  “a”  with  a  superconducting  quantum  interference  de¬ 
vice  from  4.2  to  300  K.  The  ordering  temperature  detected 
by  measuring  the  thermal  dependence  of  susceptibility,  ^(T), 
is  Tc  =  190  K.  The  macroscopic  magnetic  behavior  of  this 
compound  was  characterized  by  isofield-M(J)  and 
isotherms -M(H)  measurements  from  4.2  K<T<300  K  and 
0 <H<6T  performed  in  a  vibrating  sample  magnetometer. 
The  Arrott-plots,  M2(HIM ),  obtained  from  M(H)  measure¬ 
ments  show  a  change  of  the  slope  around  Tc ,  which  is  typi¬ 
cal  for  random  anisotropy  systems.4  M(H)  measurements 
show,  up  to  6T,  the  characteristic  lack  of  saturation  associ¬ 
ated  with  noncollinear  magnetic  structures.  We  can  therefore 
assume  that  our  compounds  present  sperimagnetic  structures. 

M(T)  measurements  were  performed  on  the  sample  “a” 
for  different  values  of  applied  magnetic  field.  At  low  fields 
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FIG.  1.  Configuration  phase  diagram  with  respect  to  the  applied  field  for 
two  samples  of  Er{  _  JFe*  (x=0.73):  sample  “a”  (400  A  thick)  and  sample 
“b”  (80  A  thick). 


(around  0.057)  AT  (7)  shows  a  compensation  temperature  at 
7comp=65  K.  By  increasing  H ,  the  minimum  of  the  magne¬ 
tization  shifts  to  lower  temperatures  and  to  nonzero  magne¬ 
tization  values  (7comp=35  K  at  tf=0.57).  For  larger  fields 
this  tendency  is  reversed  and  the  minimum  is  shifted  to 
higher  temperatures.  In  Fig.  1  we  present  the  evolution  of 
7C0mP  with  the  applied  field. 

For  each  magnetic  field,  we  can  identify  the  minimum  in 
magnetization  as  a  pseudo-c ompensation  temperature,  al¬ 
though  no  vanishing  of  magnetization  occurs.  As  in  the  case 
of  crystalline  compounds,  for  7 <  7comp  the  R  subnetwork  is 
parallel  to  the  external  applied  field.  For  7>7comp  the  7 
subnetwork  magnetization  dominates  and  the  R  moments  flip 
to  antiparallel  to  H.  The  strong  evolution  of  7comp  as  a  func¬ 
tion  of  H  is  quite  unusual  for  R-T  alloys  and  has  to  be 
explained  in  terms  of  the  sperimagnetic  (fan)  structure  of  the 
amorphous  films.  As  the  magnetic  anisotropy  of  Fe  is  weaker 
than  the  Er  one,  a  low  magnetic  field  orients  the  Fe  moments 
more  easily  than  the  Er  moments.  The  reinforcement  of  the 
net  Fe  moment  projected  along  the  field  gives  rise  to  a  de¬ 
crease  of  7comp.  For  higher  fields  this  effect  saturates,  Fe 
moments  are  collinear  with  the  applied  field  and  the  increase 
of  the  field  reinforces  the  collinearity  of  the  Er  subnetwork, 
causing  an  increase  of  7comp . 

The  minima  detected  in  the  Af(T)  measurements  of 
sample  “b”  (7comp)  show  the  same  tendency  of  sample  “a”, 
but  the  minimum  in  the  Tcomp(H)  is  shifted  to  lower  tem¬ 
peratures.  This  change  in  compensation  temperature  is  very 
likely  due  to  a  slight  difference  in  the  composition  of 
samples  “a”  and  “b.”  It  has  been  reported  that  for  Tbj  ..JFe* 
amorphous  alloys  a  variation  of  composition  of  1  at.  %  can 
cause  a  change  of  7comp  up  to  40  K.1 

The  evolution  of  Tcomp(H)  reported  for  these  samples 
and  the  interpretation  that  we  give  to  this  phenomenon  sug¬ 
gest  that  a  flipping  of  Er  and  Fe  subnetworks  might  be  in¬ 
duced  by  the  applied  field,  if  a  fixed-temperature  slightly 
higher  than  the  minimum  of  Tcomp(H)  is  chosen  (Fig.  1). 
Macroscopic  isothermal  measurements  performed  at  these 
temperatures,  M(H)  or  x(H)  do  not  allow  us  to  probe  the 
change  of  the  direction  of  the  two  subnetworks.  To  test  the 
validity  of  the  proposed  scheme,  we  need  a  technique  able  to 


separate  the  magnetic  contribution  of  each  subnetwork  and 
their  direction,  and  suited  to  amorphous  systems. 

III.  XMCD  STUDY 

X-ray  magnetic  dichroism  is  the  measure  of  the  depen¬ 
dence  of  the  x-ray  absorption  (XAS)  spectra  on  the  helicity 
of  x-ray  photons.5”7  This  technique  is  particularly  valuable 
for  our  problem  since:  (a)  it  is  atom  selective.  By  tuning  the 
photon  energy  to  an  absorption  edge,  it  allows  us  to  separate 
the  magnetic  contributions  of  the  Er  and  Fe  subnetworks;  (b) 
it  is  sensitive  to  the  direction  of  the  magnetic  moments  with 
respect  to  the  applied  field  and  can  therefore  detect  the  flip¬ 
ping  of  the  Er  or  Fe  subnetwork  upon  application  of  tem¬ 
perature  or  field;  (c)  it  does  not  need  long-range  order  and 
can  be  applied  to  any  kind  of  material,  crystalline  or  amor¬ 
phous,  as  long  as  a  net  magnetic  moment  exists  on  each 
subnetwork. 

The  XMCD  measurements  were  carried  out  at  Su- 
perACO  (LURE)  on  the  SU22  beamline.8  The  calculated  cir¬ 
cular  polarization  rate  is  12%  in  the  studied  energy  range.9 
Due  to  the  low  XMCD  signals  at  the  Er  M4  edge10  only 
M5-edge  absorption  spectra  (3d— ^4/  transitions)  were  car¬ 
ried  out.  Experiments  were  performed  on  sample  “b”  in  total 
electron  yield  detection  for  temperatures  from  4.2  to  300  K 
and  in  magnetic  fields  up  to  57.  The  magnetic  field  was 


FIG.  2.  (a)  Temperature  evolution  of  the  Er  M5-XMCD  signal  of  amorphous 
Er^Fe*  (x=0.73)  in  a  magnetic  field  H=\T.  (b)  Evolution  of  the  Er 
M 5-XMCD  signal  of  the  same  compound  as  a  function  of  the  applied  mag¬ 
netic  field  and  at  a  constant  temperature  of  25  K.  The  full  lines  are  the 
theoretical  fits  to  the  data. 
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FIG.  3.  Field  dependence  of  the  Er  moment  projected  along  the  direction  of 
an  applied  field  at  7=4.2,  25  and  50  K.  Dashed  lines  are  a  guide  to  eye. 

applied  perpendicular  to  the  sample  surface  and  along  the 
photon  propagation  direction.  XMCD  signals  are  normalized 
difference  of  two  absorption  spectra  measured  with  a  fixed 
helicity  and  opposite  directions  of  the  applied  magnetic 
fields,  a+(E)  and  a~(E). 

In  order  to  extract  an  approximate  value  of  (M j)4f  of  Er 
from  the  experimental  spectra,  the  a+(E)  and  a~(E)  absorp¬ 
tion  spectra  were  calculated  using  an  atomic  approach.  A 
combination  of  a  magnetic  field5,11  and  an  axial  crystal 
field11  was  used  to  calculate  a  perturbed  level  scheme  of  the 
Er3+  ion  which  fitted  the  experimental  spectra. 

The  evolution  of  the  Er  M5-XMCD  signal  as  a  function 
of  temperature  in  an  applied  field  of  1 T  is  shown  in  Fig.  2(a). 
At  low  temperatures  (4.2  K)  the  signal  is  negative  as  ex¬ 
pected  for  Er  magnetization  parallel  to  the  applied  field.10  At 
T=  15  K,  we  are  close  to  the  compensation  temperature  for 
this  field  and  the  XMCD  signal  is  zero.  Above  this  tempera¬ 
ture  the  signal  changes  sign,  indicating  that  the  Er- 
subnetwork  magnetization  is  now  antiparallel  to  the  external 
field  (flipping).  Finally,  the  decrease  of  the  signal  for  higher 
temperature  is  associated  with  the  approach  of  the  ordering 
temperature.  The  Er-4 /  moments  were  calculated  from  a 
theoretical  fit  of  the  experimental  data.  The  largest  moment, 
detected  at  50  K,  is  of  the  order  of  3 fiB  which  is  by  far 
smaller  than  the  saturated  9 fiB  Er-moment.  Reminding  that 
XCMD  gives  the  average  Er-moment  projected  along  the 
magnetic  field,  this  result  suggests  a  strongly  asperomagnetic 
structure  of  Er-subnetwork,  as  proposed  in  Fig.  1.  This  result 
is  consistent  with  the  low  values  of  the  net  projection  of  the 
R  moment  which  were  extrapolated  from  macroscopic  mea¬ 
surements  on  other  sperimagnetic  R\-x Fe*  alloys.1 

XMCD  experiments  as  a  function  of  the  applied  field 
were  performed  at  different  temperatures  corresponding,  in 
the  diagram  of  Fig.  1,  with  thermal  ranges  in  which  the  net 
moment  of  the  R  subnetwork  is  parallel  to  the  field  (4.2  K), 
antiparallel  (50  K)  and  at  a  temperature  (25  K)  in  which  the 
isotherm  crosses  the  dashed  line  of  sample  “b.”  In  Fig.  3,  we 
show  the  evolution  of  the  Er-4 /  moments  calculated  from 
the  theoretical  fit  of  XMCD  for  the  three  isotherms.  At  4.2  K, 
the  projection  of  the  Er  4/-moment  along  the  field  is  always 


positive  and  increases  with  the  field,  which  agrees  with  the 
fan  structure  proposed  in  Fig.  1.  At  7=50  K,  this  projection 
is  always  negative  and  a  minimum  in  its  dependence  with  the 
field  is  observed.  The  net  Er  4/  moment  along  the  field  is 
always  antiparallel  to  the  applied  field  as  proposed  in  Fig.  1, 
increasing  at  low  H  values  and  decreasing  at  higher  ones. 
The  decrease  at  high  fields  is  expected,  since  the  field  is 
applied  in  the  opposite  direction  to  the  net  magnetic  moment 
direction.  The  increase  at  low  fields  can  be  explained  consid¬ 
ering  the  orientation  of  the  Fe  subnetwork  along  the  field. 
Due  to  antiferromagnetic  coupling  between  Er  and  Fe  sub¬ 
networks,  the  antiparallel  projection  of  the  Er  subnetwork 
has  to  follow  the  close-up  of  the  angular  distribution  of  the 
Fe  moments. 

Figure  2(b)  shows  selected  experimental  XMCD  spectra 
measured  at  7=25  K,  together  with  the  corresponding  theo¬ 
retical  fits.  The  H  dependence  of  the  fitted  magnetic  mo¬ 
ments  at  5,  25,  and  50  K  is  shown  in  Fig.  3.  At  25  K  the 
signal  is  close  to  zero  for  low  fields  (<0.27)  since  we  are 
very  close  to  the  compensation  temperature  for  these  fields. 
For  0.57  and  1 T  the  signal  is  positive,  i.e.,  the  Er  moment  is 
antiparallel  to  the  applied  field.  For  3  T  and  4  T  the  signal  is 
again  zero,  indicating  the  approach  of  a  compensation  tem¬ 
perature.  Increasing  the  field  up  to  5  T  induces  a  further  flip 
of  the  Er  magnetization,  as  expected  on  crossing  the  dashed 
line  of  Fig.  1. 

In  conclusion,  the  minima  detected  in  the  M(7)  curves, 
the  Er  subnetwork  flips  with  respect  to  the  H  direction.  This 
must  be  correlated  with  a  flip  in  the  Fe  subnetwork.  The 
different  anisotropy  of  Fe  and  Er  subnetworks  explains  the 
reported  Tcomp(H)  behavior  in  this  sperimagnetic  compound. 
This  “exotic”  behavior  gives  rise  not  only  to  temperature- 
induced  but  also  field-induced  flips  of  the  Er. 
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The  fee  Co/Cu(001)  system  is  investigated  using  the  full  potential  linearized  augmented  plane  wave 
method.  Through  the  atomic  force  approach,  large  multilayer  relaxations  (6.5%,  5.3%,  and  2.8%) 
are  found  between  the  adjacent  Cu  layers,  which  reduces  the  total  energy  by  128  meY.  The  spin  and 
orbital  magnetic  moments  for  Co  atoms  are  1.79  and  0.12  pB,  respectively.  At  the  interfacial  Cu  site, 
we  found  a  sizable  induced  magnetic  moment,  0.05  pB,  which  can  be  split  into  d  (0.074  pB)  and 
s,p( 0.024  julb)  contributions.  Interestingly,  the  spin  polarization  of  d  and  s,p  statesman  be  detected 
separately  through  the  magnetic  circular  dichroism  at  the  L  and  K  edges,  for  which  the  calculated 
results  agree  very  well  with  experiments.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)78708-9] 


Magnetism  in  Co/Cu  has  attracted  extensive  attention 
because  of  its  importance  in  both  technical  and  fundamental 
aspects,  such  as  the  mechanism  of  magnetic  ordering  through 
a  Cu  spacer  and  the  giant  magnetoresistance.1,2  As  a  proto¬ 
type  example  of  layer-by-layer  growth,  the  Co/Cu  interface 
was  found  to  be  very  sharp  with  negligible  interdiffusion 
[less  than  0.1  monolayer  (ML)].3,4  Recent  experimental  work 
has  focused  on  identifying  the  quantum-well  states5  in  the  Cu 
layers  and  their  role  in  magnetic  ordering.  However,  being 
overwhelmed  by  the  magnetism  of  Co,  it  is  very  hard  to 
detect  the  spin  polarization  of  these  quantum- well  states  with 
usual  photoemission  techniques.6  Fortunately,  we  can  solve 
this  problem  by  using  the  newly  developed  magnetic  circular 
dichroism  (MCD)  technique.7  Since  MCD  involves  photon- 
induced  excitation  from  the  core  levels  to  the  valence  states, 
it  has  element  selectivity.  Very  recently,  strong  magnetic  sig¬ 
nals  (from  s,  p,  and  d  bands)  were  detected  for  Cu  in  Co/ 
Cu(001)  and  Fe/Cu(001),8,9  which  challenges  theoretical  ex¬ 
planation. 

In  our  previous  first-principles  calculations  using  the  full 
potential  linearized  augmented  plane  wave  (FLAPW) 
method,  we  found  strong  proximity  effects  from  the  Cu  sub¬ 
strate  to  the  magnetic  overlayers.10  For  example,  the  large 
magnetic  moment  (2.07  /nB)  of  the  Co  free  monolayer  is 
reduced  substantially  to  1.78  pB  when  in  contact  with 
Cu(001),  which  is  even  5%  smaller  than  that  (1.87  /jlb)  at  the 
clean  fee  Co(001)  surface.11  In  this  article,  the  magnetic 
properties  of  Co/Cu (001)  are  scrutinized  further  by  means  of 
discussing  the  spin  and  orbital  magnetic  moments,  their  an¬ 
gular  decompositions,  and  the  calculated  K-e dge  and  L-edge 
MCD  spectra  for  both  the  Co  and  the  interfacial  Cu  atoms.  In 
addition,  using  the  force  approach,  we  reoptimized  the 
atomic  structure  of  the  Co/Cu(001)  overlayer  system  and 
found  some  significant  multilayer  relaxations. 

Here,  the  Cu(001)  substrate  is  simulated  by  a  seven- 
layer  slab  covered  on  each  side  by  a  pseudomorphic  Co 
layer.  The  lattice  constant  in  the  lateral  plane  adopts  the  ex¬ 
perimental  value  of  the  fee  Cu  bulk  (a=3.615  A)  while  the 
vertical  positions  of  all  the  atoms  are  optimized  according  to 
their  atomic  forces.  In  the  FLAPW  approach,  there  is  no 


shape  approximation  for  the  charge,  potential,  and  wave 
functions.  The  Kohn-Sham  equations  are  solved  self- 
consistently  with  an  energy  cutoff  of  13  Ry  for  the  varia¬ 
tional  plane  wave  basis  set.  Within  the  muffin-tin  (MT) 
spheres  (rCo=rCu=2.20  a.u.),  lattice  harmonics  with  an 
angular-momentum  l  up  to  8  are  employed  to  expand  the 
charge  density,  potential,  and  wave  functions.  Summations 
over  36  k  points  in  the  1/8  irreducible  two-dimensional  Bril- 
louin  zone  are  employed  for  k- space  integrations.  After  the 
mean-root-square  differences  between  the  input  and  output 
charge  and  spin  densities  in  the  semirelativistic  iterations  be¬ 
come  less  than  1.0XKT4  e/(a.u.)3,  the  spin-orbit  coupling  is 
invoked  in  a  second  variational  way. 

Surprisingly,  as  listed  in  Table  I,  a  large  multilayer  re¬ 
laxation  is  found  in  Co/Cu(001),  which  lowers  the  total  en¬ 
ergy  by  as  much  as  128  meV/cell  compared  to  the  unrelaxed 
geometry.  The  distance  between  interior  Cu  layers  (e.g., 
^Cu(c)-Cu(i-2))  shrinks  2.8%  from  that  in  the  ideal  fee  Cu  lat¬ 
tice,  3.41  a.u.  Even  larger  relaxations  are  found  in  the  surface 
and  subsurface  regions  where  the  dcu(i)-cu(i-i)  anc* 
dCu(i-i)-Cu(i-2)  shrink  by  6.5%  and  5.3%,  respectively.  These 
large  multilayer  relaxations,  however,  are  mainly  due  to  the 
fact  that  the  experimental  lattice  constant  used  in  the  lateral 
plane  is  too  large.  Our  total  energy  calculations  for  the  fee 
bulk  Cu  indicate  that  the  equilibrium  lattice  constant  is  6.647 

а. u. — a  value  of  2.7%  smaller  than  the  experimental  one, 

б. 831  a.u.  Nevertheless,  since  ^cu(i)-Cud-i)  is  dearly  shorter 
than  the  interlayer  distances  between  interior  Cu  layers,  the 
presence  of  a  Co  overlayer  does  not  fully  restore  the  relax¬ 
ation  on  the  Cu(001)  surface.  The  calculated  equilibrium  dis- 


TABLE  I.  Calculated  vertical  atomic  position,  z  (in  a.u.),  the  spin  and  or¬ 
bital  magnetic  moments  for  Co/Cu(001). 


Atom 

Cu(C) 

Cu(I-2) 

Cu(I-l) 

Cu(I) 

Co 

z 

0.00 

3.32 

6.55 

9.74 

12.80 

M 

0.00 

0.002 

-0.005 

0.050 

1.785 

h 

0.00 

0.000 

0.000 

0.004 

0.116 
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FIG.  1.  Calculated  spin  density  for  Co/Cu(001).  Contours  in  start  from 
±1X10-4  e/a.u.3  and  increase  successively  by  a  factor  of  yjl. 


tance  between  the  Co  and  Cu(I)  is  3.06  a.u.,  which  is  about 
3%  smaller  than  that  obtained  previously11  when  the  relax¬ 
ations  in  the  Cu  substrate  were  excluded. 

In  the  equilibrium  geometry,  the  spin  density  shown  in 
Fig.  1  suggests  the  detrimental  effects  of  the  Cu(001)  sub¬ 
strate  on  the  spin  polarization  in  the  Co  overlayer.  The  area 
with  positive  spin  density  around  the  Co  atom  is  obviously 
suppressed  in  the  interfacial  direction.  As  found  in  most  of 
the  magnetic  systems,10  the  spin  density  in  the  interstitial 
region  (mostly  from  the  y,  p  states)  differs  in  sign  from  that 
in  the  near  nuclear  region  (mainly  from  the  d  states).  Clearly, 
the  induced  magnetization  around  the  interfacial  Cu  site  is 
parallel  to  that  of  Co.  Due  to  the  screening  effects,  the  mag¬ 
netic  interference  decays  very  quickly  upon  going  into  the 
interior  Cu  region.  Quantitatively,  as  listed  in  Table  I,  the 
magnetic  moment  in  the  Co  MT  sphere  in  Co/Cu(001)  is 
1.785  pB,  which  can  be  further  decomposed  into  contribu¬ 
tions  from  the  s  (0.013  /nB ),  p  (-0.002  julb),  and  d  (1.774  pB) 
states.  The  orbital  magnetic  moment  is  also  very  large,  0.116 
fxB .  Both  results  agree  very  well  with  the  measured  spin  and 
orbital  magnetic  moments,  1.71  and  0.126  pB,  respectively.8 

On  the  other  side,  small  spin  and  orbital  magnetic  mo¬ 
ments,  0.050  and  0.004  ixB ,  are  induced  at  the  interfacial  Cu 
site.  The  angular  decompositions  of  the  spin  moment  are 
-0.006,  -0.017,  and  0.073  fiB  for  the  y,  p ,  and  d  states. 
Corresponding  to  the  weakly  spin  density,  the  magnetic  mo¬ 
ment  decreases  to  almost  zero  for  the  interior  Cu  atoms. 
However,  one  should  note  that  both  the  spin  density  and  the 
magnetic  moment  show  an  oscillative  behavior  going  into 
the  interior  Cu  layers.  This  may  be  somewhat  important  for 
the  magnetic  ordering  and  transport  properties  through  the 
Cu  spacer  layers. 

To  compare  with  experimental  results,8  the  calculated 
L-edge  MCD  cross  sections  for  the  Co  and  Cu  are  presented 
in  Fig.  2.  As  expected,  strong  MCD  signals  can  be  detected 


FIG.  2.  Calculated  L-edge  MCD  spectra  for  the  Co  and  Cu  atoms  in 
Co/Cu(001).  Solid  and  dotted  lines  stand  for  the  L3  and  L2  edges,  respec¬ 
tively. 


from  the  Co  site.  Since  the  Co  atom  also  possesses  a  large 
orbital  magnetic  moment,  0.116  pB,  the  area  of  the  L2  edge 
(results  from  2pm-3d  dipole  transition)  is  obviously 
smaller  than  that  of  the  L3  edge  (results  from  the  2p3/2-3(i 
dipole  transition).  Interestingly,  the  Cu-MCD  signal  is  quite 
strong  (1/5- 1/8  in  amplitude  of  that  for  Co)  despite  the  fact 
that  the  induced  magnetic  moment  at  the  Cu  site  is  relatively 
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FIG.  3.  Calculated  K-e dge  MCD  (solid  lines)  and  total  absorption  (dotted 
lines)  spectra  for  the  Co  and  Cu  atoms  in  Co/Cu(001). 
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very  small.  This  is  partially  due  to  the  smaller  spatial  exten¬ 
sion  of  the  Cu-3 d  orbit,  which  enhances  the  radial  part  of  the 
momentum  matrix  and  thus  the  cross  section.  We  found  that 
the  Cu  L2  and  L3  edges  (located  at  908  and  928.5  eV)  split  by 
20.5  eV,  which  agrees  well  with  the  measured  splitting,  20 
eV.8 

The  K-t dge  spectra  for  both  Co  and  Cu  atoms  are  given 
in  Fig.  3.  Strikingly,  the  profile  of  the  Cu-MCD  curve  fol¬ 
lows  very  closely  that  for  Co  in  the  lower  energy  range, 
which  indicates  that  the  spin  polarization  of  the  Cu-4 p  states 
is  mainly  induced  by  the  Co-4/?  states.  As  also  found 
experimentally,9  the  MCD  signals  for  both  Co  and  Cu  consist 
essentially  of  a  negative  peak  in  the  vicinity  of  the  inflection 
point  of  the  absorption  edge  with  a  small  blip  at  the  begin¬ 
ning.  Surprisingly,  the  Co  K-tdge  MCD  signal  is  not  much 
stronger  than  that  of  Cu.  This  may  be  attributed  to  the  weak¬ 
ness  of  the  p  magnetic  moment  at  the  Co  site  (cf.  Table  I). 
Different  from  the  L  edge,  the  K-e dge  MCD  and  even  the 
total  absorption  spectra  show  plenty  of  structures  and  de¬ 
serve  further  investigation  since  the  energy  resolution  of  the 
currently  measured  spectra  is  not  high  enough  to  permit  de¬ 
tailed  comparison.  Nevertheless,  most  of  the  main  features  of 
the  Co  and  Cu  K-e dge  MCD  and  total  absorption  curves 
appear  to  agree  fairly  well  between  theory  and  experiment.12 
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Determination  of  the  energy  dependence  of  the  off-diagonal  terms  of  the 
dielectric  tensor  by  means  of  M2;3  reflection  MCD  measurements  (abstract) 

Hartmut  Hochst,  Dai  Zhao,  and  David  Huber 
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We  present  the  first  magnetic  circular  dichroism  (MCD)  measurements  around  the  M  edges  of  3d 
metals  utilizing  SRCs  recently  developed  quadruple  reflection  polarizer  system.1  The  reflection 
polarizer  converts  linearly  polarized  light  by  means  of  the  phase  shift  between  s-  and  ^-reflections 
into  either  left  or  right  circular  polarized  radiation.2  The  concept  of  the  phase  shifter  has  been  tested 
at  a  bending  magnet  beam  line  at  the  Aladdin  storage  ring  using  the  M2>3  absorptions  of 
magnetically  ordered  thin  films  of  Fe,  Co  and  Ni.  The  normalized  MCD  signal  e.g.,  (IR 
-  Il)/0.5*(Ir  +  IL)  is  on  the  order  of  several  %  from  peak  to  peak  and  scales  linearly  with  the 
magnetic  moments.  The  shape  of  the  reflection  MCD  signals  has  a  very  pronounced  angular 
dependence  with  a  maximum  around  a  reflection  angle  of  0=6O°-65°.  The  main  trends  in  the 
angular  dependence  of  the  reflection  MCD  signal  can  be  verified  by  model  calculations.  The  model 
also  allows  us  to  extract  the  energy  dependence  of  the  off-diagonal  terms  in  the  dielectric  tensor 
from  the  experimental  data.  The  potential  use  and  high  sensitivity  to  variations  in  the  local  magnetic 
environment  will  be  demonstrated  with  high  resolution  measurements  of  several  ferrimagnetic 
compounds.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)70508-2] 
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Magnetic  dichroism  in  angle-resolved  UV  photoemission  from  valence 
bands,  using  linearly  polarized  light 
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W.  Kuch,  A.  Dittschar,  M.  Zharnikov,  C.  M.  Schneider,  and  J.  Kirschner 
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Magnetic  dichroism  measurements  of  the  valence  bands  of  films  of  fee  Co/Cu  (001)  have  been 
performed  using  angle-resolved  UV  photoemission  in  low-symmetry,  off-normal  emission 
geometries,  and  linearly  polarized  light.  Asymmetries  of  magnitude  4%  are  observed  upon 
magnetization  reversal.  Evidence  of  both  spin-dependent  surface  transmission  and  magnetic 
dichroism  in  the  angular  distribution  of  photoelectrons  is  seen.  The  asymmetry  spectra  indicate 
sensitivity  to  both  magnetic  exchange  splitting  and  to  spin-orbit  splitting.  ©  1996  American 
Institute  of  Physics.  [S002 1-8979(96)78808-3] 


Magnetic  dichroism  in  the  angular  distribution  of  photo¬ 
electrons  (MDAD)  makes  it  possible  to  study  the  interplay 
between  the  magnetic  exchange  and  spin-orbit  interactions 
in  solids.  To  date,  it  is  primarily  the  deep1,2  and  shallow 
core3,4  levels  of  magnetic  materials  which  have  been  inves¬ 
tigated  in  this  way.  Over  the  course  of  these  studies,  a  series 
of  findings  have  overturned  expectations,  and  lead  to  a  better 
understanding  of  the  technique  and  its  potential.  It  turns  out 
that  the  dichroism  is  sizable  not  only  in  the  deepest  core 
levels,  that  circularly  polarized  light  is  not  required,  and  a 
larger  dichroism  may  often  be  obtained  using  linearly  polar¬ 
ized  light;3,5  and  that  the  dichroism  from  core  levels  is  not 
independent  of  emission  angle,  but  contains  significant  crys¬ 
tallographic  information.1,6  These  findings  all  suggest  the  ap¬ 
plication  of  MDAD  to  valence  band  studies,  to  see  what  can 
be  learned  about  the  magnetically  important  states  near  the 
Fermi  level  without  recourse  to  more  complicated  spin- 
resolved  experiments,  or  to  monochromators  specialized  for 
the  production  of  circularly  polarized  light.  All  that  is  re¬ 
quired  is  a  conventional  angle-resolved  photoemission  appa¬ 
ratus,  a  source  of  linearly  or  unpolarized  monochromatic 
light,  and  a  means  to  reverse  the  remanent  magnetization  of 
the  sample. 

A  few  experimental  studies  which  confirm  the  existence 
of  MDAD  in  the  valence  bands  have  been  reported,  but  most 
have  used  circularly  polarized  light,7  and  all  have  used  nor¬ 
mal  emission  geometries  which  restrict  access  to  a  few  re¬ 
gions  of  the  Brillouin  zone.8  Furthermore,  a  straightforward 
qualitative  model  giving  an  overview  of  the  mechanism  by 
which  the  dichroism  arises  in  valence  band  emission  is  still 
missing.  It  is  therefore  difficult  to  interpret  the  measurements 
without  recourse  to  specialized  one-step  photoemission  cal¬ 
culations  with  nonperturbative  treatments  of  the  exchange 
and  spin-orbit  coupling  in  the  surface  electronic  band 
structure.9  These  calculations  are  not  yet  available  for  gen¬ 
eral,  low  symmetry  experimental  geometries.  The  purpose  of 
the  present  experiments  is,  in  the  first  place,  to  observe  the 
magnetic  dichroism  in  the  valence  bands  in  off-normal  emis¬ 
sion  geometries,  using  linearly  polarized  light.  With  mea¬ 
surements  in  hand,  it  may  be  possible  to  better  assess  how 
the  dichroism  can  be  used  in  a  practical  sense  to  learn  about 
the  electronic  structure  at  magnetic  surfaces. 


An  example  of  the  ambiguities  which  arise  in  magnetic 
dichroism  experiments  in  the  valence  bands,  is  the  question 
of  the  conceptual  origin  of  the  observed  dichroism.  For  con¬ 
creteness,  consider  the  experimental  geometry  in  Fig.  1.  The 
remanent  magnetization,  M,  is  in  the  surface  of  the  sample 
crystal,  and  both  the  incident  light  wave  vector,  q,  and  the 
photoelectron  wave  vector,  k,  lie  in  the  xy  plane  normal  to 
M.  The  light  is  linearly  polarized  in  this  plane.  In  Fig.  1,  q 
and  k  are  collinear,  but  this  need  not  be  the  case.  It  is  further 
assumed  that  the  xz  plane  containing  M  is  a  mirror  symmetry 
plane  of  the  crystal — a  common  situation  among  itinerent 
ferromagnets. 

The  experiment  involves  collecting  two  angle-resolved 
photoelectron  energy  distributions — one  for  each  of  the  two 
reversed  remanently  magnetized  states  of  the  sample.  The 
difference  in  these  two  energy  distributions  is  the  energy- 
and  angle-resolved  dichroism.  There  are  two  mechanisms 
which  may  contribute  to  the  dichroism.  The  first  is  spin- 
dependent  transmission.10  It  is  most  apparent  as  a  “final  state 
effect”  in  a  three-step  model  of  photoemission,  where  pho¬ 
toexcitation  occurs  between  bulklike  electronic  states  and  the 
photoelectrons  are  subsequently  transmitted  to  the  vacuum. 
At  the  surface,  the  photoelectron  states  in  the  crystal  (which 
are  not  pure  spin  states,  because  of  spin -orbit  coupling) 
must  be  matched  to  those  in  the  vacuum  (which  are  pure 


FIG.  1.  The  Co(001)  film  has  remanent  magnetization  along  ±z,  and  lies  in 
the  xz  mirror  plane.  The  incoming  light  with  wave  vector  q  (with  linear 
polarization  Exy)  and  the  photoelectron  wave  vector  k  all  lie  in  the  xy  mirror 
plane,  making  an  angle  0  with  the  x  axis. 
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spin  states).  This  leads  to  spin-dependent  transmission  coef¬ 
ficients.  In  the  above  experiment,  reversing  the  magnetiza¬ 
tion  reverses  the  spin  character  of  the  photoelectrons,  and  the 
altered  transmission  coefficient  may  cause  the  dichroism. 
Recent  results  for  Cu  show  that  this  mechanism  can  cause  an 
asymmetry  of  ±3%  in  3 d  metals.11 

MDAD  is  typically  considered  to  arise  from  the  photo¬ 
excitation  step  itself.12,13  The  spectra  taken  with  reversed 
magnetization  compare  two  inequivalent  experimental  geom¬ 
etries  which  are  related  by  a  mirror  reflection— a  traditional 
statement  of  dichroism.  This  can  be  understood  with  refer¬ 
ence  to  Fig.  1,  where  reversal  of  the  magnetization  is  equiva¬ 
lent  to  reflection  in  the  xz  mirror  plane  of  the  crystal.  How¬ 
ever,  this  operation  also  alters  the  experimental  quantities  k, 
q,  and  Exy .  In  particular,  the  even  and  odd  parts  of  Exy  and 
the  photoelectron  wave  function  undergo  a  relative  change  in 
phase,  and  the  resulting  photoexcitation  matrix  element  will 
have  both  even  and  odd  parts.  Upon  squaring  and  subtracting 
to  form  the  dichroism,  only  the  interference  terms  between 
the  even  and  odd  parts  of  the  matrix  element  survive,  giving 
the  dichroism.13  Because  of  its  origin  in  the  transition  matrix 
elements,  MDAD  is  usually  classified  as  an  “initial  state 
effect.” 

The  view  that  magnetic  dichroism  arises  from  MDAD 
when  it  is  an  initial  state  effect  and  from  spin-dependent 
transmission  when  it  is  a  final  state  effect  cannot  be  consid¬ 
ered  as  a  rigid  classification.  However,  alternative  classifica¬ 
tions  are  worse:  In  the  three- step  model  of  photoemission, 
spin-dependent  transmission  exists,  but  MDAD  (with  lin¬ 
early  polarized  light)  does  not.  In  a  one-step  model,  all  the 
dichroism  must  be  assigned  to  the  matrix  elements — that  is 
MDAD.  These  classifications  are  not  as  useful  for  qualitative 
arguments,  and  ultimately  for  the  understanding  of  experi¬ 
ments. 

The  photoemission  experiments  were  carried  out  at  the 
BESSY  synchrotron  storage  ring,  using  a  6.5  normal  inci¬ 
dence  monochromator,  and  an  angle-resolved  photoemission 
apparatus  which  is  described  elsewhere.14  The  samples  were 
5  or  6  monolayer  fee  Co  films  grown  on  a  Cu(001)  substrate. 
The  film  growth  was  monitored  using  medium  energy  elec¬ 
tron  diffraction.15  Hysteresis  loops  measured  by  the 
magneto-optic  Kerr  effect  confirmed  that  the  films  were  re- 
manently  magnetized  in  the  plane  of  the  surface.  The  elec¬ 
tron  energy  analyzer  had  a  hole  in  the  back,  which  allowed 
the  light  beam  to  pass  through  the  entrance  lenses,  and  per¬ 
mitted  the  experimental  geometry  with  k=-q,  as  shown  in 
Fig.  1.  This  geometry  has  three  important  attributes:  (a)  A 
wide  range  of  off-normal  emission  conditions  can  be  reached 
by  a  single  rotation  of  the  sample  about  the  z  axis,  (b)  Since 
k,  q,  and  M  are  coplanar,  oriented  atom  models  of  MDAD 
predict  no  dichroism12 — any  observed  effects  will  be  related 
to  crystallographic  information,  (c)  The  xy  plane  is  a  true 
mirror  plane  for  the  magnetic  system  plus  the  experiment. 
This  latter  point  implies  that  MDAD  using  either  linearly  or 
circularly  polarized  light  measures  the  same  matrix  elements, 
as  has  been  confirmed  theoretically13  and  experimentally.16  A 
disadvantage  of  this  geometry  is  that  the  light  passing 
through  the  spectrometer  creates  more  secondary  electrons 


Energy  E-EF  (eV) 

FIG.  2.  (a)  Photoelectron  intensity  spectra  for  two  senses  of  magnetization, 
with  a  photon  energy  of  16.0  eV  and  emission  angle  +20°.  (b)  The  resulting 
intensity  asymmetry  for  the  data  in  part  (a)  (open  symbols),  and  for  data 
measured  at  an  emission  angle  of  —20°  (closed  symbol). 


than  is  usual,  and  this  limits  the  useful  energy  range  of  the 
spectra,  particularly  at  lower  photon  energies. 

Experimental  results  for  a  photon  energy  of  16.0  eV, 
with  0—  +20°  are  shown  in  Fig.  2.  Part  (a)  presents  the 
separate  intensity  spectra  for  positive  and  negative  magneti¬ 
zation.  The  spectra  have  had  a  linear  background  (deter¬ 
mined  before  the  Fermi  energy)  removed,  and  have  been 
normalized  to  compensate  for  changes  in  the  photon  flux 
during  the  course  of  the  measurements.  The  open  symbols  in 
part  (b)  show  the  intensity  asymmetry,  defined  as  the  differ¬ 
ence  of  the  two  spectra  divided  by  their  sum.  It  shows  clear 
positive  and  negative  peaks  in  the  energy  range  down  to 
about  —2.5  eV  where  the  Co  d  bands  lie,  and  a  gradual 
upward  slope  at  lower  energy.  The  asymmetry  of  a  similar 
pair  of  data  sets  collected  at  0-  -  20°  are  also  plotted  in  Fig. 
2(b).  The  asymmetry  peaks  for  this  angle  are  reversed  in  the 
energy  region  of  the  Co  bands,  as  they  must  be  if  they  are 
due  to  either  MDAD  or  spin-dependent  transmission.  The 
slope  in  the  region  of  secondary  electrons  depends  instead  on 
the  absolute  sign  of  the  magnetization,  and  probably  repre¬ 
sents  a  perturbation  of  the  secondary  electrons  generated  by 
the  light  passing  through  the  spectrometer. 

It  can  be  seen  immediately  that  the  magnitude  of  the 
dichroism  in  off-normal  emission  is  in  the  range  of  2%-4% 
when  secondary  electrons  are  not  removed.  This  is  the  same 
approximate  size  as  that  seen  in  previous  experiments  in  nor¬ 
mal  emission,  and  is  also  the  same  as  typical  (rather  than 
maximum)  values  seen  in  MDAD  from  core  levels  when  the 
secondary  electrons  are  not  removed.  MDAD  experiments  in 
the  valence  bands  are  not  significantly  more  difficult  than 
those  in  the  core  levels.  This  example  also  demonstrates  the 
advantage  of  using  a  differential  spectroscopy  such  as 
MDAD — it  is  possible  to  display  clearly  the  presence  of  Co 
states  near  -1.5  eV  despite  the  fact  that  they  do  not  appear 
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FIG.  3.  (a)  Photoelectron  intensity  spectra  for  two  senses  of  magnetization, 
with  a  photon  energy  of  22.5  eV  and  emission  angle  - 16°.  (b)  The  resulting 
intensity  asymmetry  for  the  data  in  part  (a). 


as  peaks  in  the  intensity  spectra.  The  form  of  the  dichroism 
spectra  suggests  that,  in  this  instance,  the  dichroism  arises 
primarily  due  to  spin-dependent  transmission  at  the  surface. 
The  first-order  perturbation  observed  in  the  intensity  spectra 
is  a  change  in  the  size  of  the  peak — there  is  no  indication 
that  the  intensity  peak  near  -0.5  eV  is  shifted  when  the 
magnetization  is  reversed.  This  behavior  is  expected  for  the 
final  state  effect  of  spin-dependent  transmission  upon  spin 
reversal.  The  positive  and  negative  peaks  in  the  asymmetry 
are  then  interpreted  as  being  due  to  separate  transitions  from 
states  of  opposite  spin,  which  are  separated  by  approximately 
1.2  eV,  in  agreement  with  the  exchange  splitting  found  in 
calculations  and  spin-resolved  photoemission  experiments17 
for  fee  Co.  Note  that  the  absolute  sign  of  the  asymmetry  is 
not  easily  related  to  the  spin  of  the  photoelectrons,  since  it 
depends  on  the  surface  transmission  coefficients. 

The  data  presented  in  Fig.  3  for  a  photon  energy  of  22.5 
eV  and  0~  -  16°  show  a  different  behavior.  The  peak  below 
about  —2.5  eV  is  due  to  the  Cu  substrate,  and  shows  no 
asymmetry.  However,  a  well-resolved  peak  at  -1.8  eV  seen 
with  +M  shifts  to  —1.6  eV  when  the  magnetization  is  re¬ 
versed,  but  the  peak  intensity  is  not  greatly  affected.  This  is 
the  behavior  expected  for  MDAD.  The  first-order  effect  of 
weak  spin-orbit  coupling  on  the  initial  states  is  to  introduce 
hybridization  between  nearly  degenerate  bands  of  opposite 
spin.  While  the  energy  of  the  hybridized  states  depends  on 


the  relative  orientation18  of  the  spin  a  and  M,  as  <r+M,  the 
transition  matrix  elements  depend  as  well  on  the  absolute 
spin  direction  through  the  spin-orbit  coupling  cr-l  Thus  the 
transition  with  a  given  orientation  of  ad  occurs  at  a  different 
energy  when  M  is  reversed,  leading  to  the  apparent  shift  in 
the  peak  energy  in  the  intensity  spectra.  A  rapid  minus/plus 
variation  in  the  asymmetry  results.  The  experimentally  ob¬ 
served  energy  shift  is  of  the  magnitude  expected  for  the 
spin-orbit  interaction  for  3d  metals.  These  spectra  coinci¬ 
dentally  demonstrate  that  MDAD  persists  in  this  low- 
symmetry  geometry,  where  q,  k,  and  M  are  coplanar,  even 
though  models  based  on  photoemission  from  oriented  atoms 
predict  a  null  effect.  This  is  a  consequence  of  the  crystalline 
symmetry,  rather  than  atomic  symmetry,  of  the  system,  and  is 
not  surprising  for  such  low  photon  energies. 

The  asymmetry  close  to  the  Fermi  level  in  Fig.  3  is  not 
as  clear  cut  as  the  previous  two  examples,  and  more  a  de¬ 
tailed  analysis  is  called  for.  It  is  not  yet  clear  whether  or  not 
a  simple  criterion  can  be  found  to  distinguish  MDAD  from 
surface  transmission  effects.  Analysis  of  the  systematics  of  a 
more  comprehensive  data  set  in  underway  to  determine  how 
widely  the  present  classification  of  asymmetry  features  is 
applicable. 
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Spin  polarized  photoemission  studies  of  the  3s  core  level  in  ferromagnetic 
systems3*  (abstract) 

Y.  Liu,  J.  Xu,  D-J.  Huang,  and  P.  D.  Johnson 

Physics  Department,  Brookhaven  National  Laboratory,  Upton,  New  York  11973 

Spin  polarized  core  level  photoemision  studies  are  capable  of  providing  local  site  specific  magnetic 
information.  3s  core  level  photoemission  spectra  are  characterized  by  a  main  peak  and  satellite 
whose  separation  reflects  the  exchange  interaction  between- the  core  level  and  the  net  spin  in  the 
valence  bands.  However,  there  is  currently  considerable  disagreement  as  to  whether  the  splitting 
between  these  two  peaks  may  be  taken  as  a  measure  of  the  local  moment.  An  alternative  approach 
is  to  examine  the  intensities  of  the  different  peaks  in  the  spectra.  Indeed  analysis  of  the  multiplet 
intensities  in  the  final  state  suggests  that  it  should  be  possible  to  obtain  a  reasonable  measure  of  the 
local  magnetic  moment  through  measurement  of  the  spin  dependent  intensities  in  the  multiplet 
structure.  In  detailed  spin  polarized  photoemission  studies  of  the  3s  core  level  of  Fe  and  Co  films 
grown  on  Ag(001)  and  Cu(001)  substrates,  respectively,  we  find  that  this  is  indeed  the  case.  This 
suggests  that  studies  of  the  spin  polarization  of  the  3,v  core  level  photoemission  may  provide  an 
important  new  technique  for  the  measurement  of  magnetic  moments  in  thin  films.  Lineshape  fitting 
reveals  new  information  about  the  lifetime  of  the  core  holes.  Previous  studies  have  suggested  that 
a  majority  spin  core  hole  will  be  shorter  lived  than  a  minority  spin  core  hole  because  of  the  higher 
density  of  majority  spin  electrons  in  the  valence  bands.  However,  our  studies  indicate  that  the 
lifetime  is  more  complicated  and  that  it  shows  a  strong  dependence  on  the  LS  in  the  final 
state.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(90)70668-5] 


a)This  work  has  been  supported  in  part  by  the  Department  of  energy  under 
Contract  No.  DEAC02-76CH00016. 
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Magnetic  dichroism  in  the  soft  x-ray  regime  for  magnetic  domain  imaging 
by  total  yield  microscopy  (abstract) 

F.  U.  Hillebrecht,  T.  Kinoshita,a)  Ch.  Roth,  H.  B.  Rose,  D.  Spanke,  J.  Dresselhaus,  and  E. 

Kisker 

Institut  fur  Angewandte  Physik  der  Heinrich-Heine-Universitat  Diisseldorf,  Germany 

Among  the  techniques  for  studying  magnetic  materials,  methods  utilizing  magnetic  dichroism  in  the 
soft  x-ray  region  are  receiving  particular  attention  because  of  the  unique  feature  of  chemical 
specificity  introduced  by  probing  core  levels.  In  soft  x-ray  absorption  of  linearly  polarized  light,  the 
dichroism  is  proportional  to  the  square  of  the  magnetization  M.1  The  transverse  magneto-optic  Kerr 
effect  is  characterized  by  a  change  of  the  specular  reflectivity  when  M  is  reversed,  thus  it  is  linear 
in  M ?  Due  to  the  relationship  between  reflected  and  transmitted  radiation,  a  dichroism  may  also  be 
expected  in  the  absorption.  We  confirmed  this  by  quasi-simultaneous  measurement  of  the  reflectivity 
and  total  yield  around  the  Fe  and  Co  3 p  thresholds,  using  /?-polarized  light  at  oblique  incidence:3 
Switching  the  magnetization  between  the  two  directions  normal  on  the  plane  of  incidence  indeed 
shows  a  magnetic  dichroism.  The  relationship  between  the  dichroisms  in  total  yield  and  specular 
reflectivity  was  investigated  as  function  of  incidence  angle.  In  addition  to  this  new  form  of  magnetic 
dichroism,  other  forms  have  been  explored  for  imaging  near-surface  magnetic  domains  of  elemental 
and  compound  materials  in  a  total  yield  microscope.  By  using  different  light  polarizations  different 
components  of  the  magnetization  are  detected,  p-  and  circular  polarization  yield  magnetization 
components  parallel  to  the  surface,  normal  to  and  in  the  plane  of  light  incidence,  respectively.  With 
linearly  s-polarized  light,  images  similar  to  those  with  circularly  polarized  light  were  obtained.  This 
is  evidence  for  a  sizeable  Faraday  rotation,  leading  to  a  significant  degree  of  circular  polarization 
before  the  optical  transition  takes  place.  The  helicity  of  the  Faraday-induced  ellipitical  polarization 
depends  on  the  local  sample  magnetization,  thereby  generating  the  magnetic  contrast  in  an 
analogous  fashion  as  does  circularly  polarized  light.  This  mechanism  is  expected  and  found  to  be 
effective  also  for  p-polarized  light,  however,  with  contrast  smaller  than  that  related  to  the  transverse 
MOKE.  Finally,  we  report  first  results  for  an  antiferromagnet,  where  domains  were  observed  via  the 
M-quadratic  Voigt  effect  in  the  soft  x-ray  region.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)70708-0] 


This  work  was  supported  by  BMFT  (Grant  No.  05  5PFDAB3)  and  DFG/ 
SFB  166. 
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Spin  resolved  resonant  Raman  scattering 

W.  A.  Caiiebe,  C.-C.  Kao,  L.  E.  Berman,  and  J.  B.  Hastings 
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M.  H.  Krisch  and  F.  Sette 

European  Synchrotron  Radiation  Facility,  F-38043  Grenoble  Cedex,  France 

K.  Hamalainen 
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Spin  resolved  resonant  Raman  scattering  measurements  in  Gd  metal  made  by  exciting  x-ray 
resonant  Raman  scattering  with  circularly  polarized  x  rays  near  the  Lm  edge  of  Gd  are  presented. 
The  incident  photon  energy  was  fixed  at  the  peak  of  the  2p^4f  quadrupolar  transition,  and  the 
scattered  photon  was  energy  analyzed  around  the  3d—>2p  fluorescent  energy.  Asymmetry  ratios  in 
the  scattered  intensity  much  larger  than  that  of  the  Lm  XMCD  effect  (x-ray  magnetic  circular 
dichroism)  were  observed  upon  reversal  of  the  magnetization  of  the  sample  or  the  helicity  of  the 
photon.  A  detailed  comparison  of  these  results  with  XMCD  results  from  both  the  MIVV  edges  and 
Lm  edge  of  Gd  metal  will  be  discussed.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)78908-2] 


In  the  last  two  decades  several  new  techniques  to  study 
magnetic  phenomena  and  the  fine  structure  of  absorption 
edges  using  synchrotron  radiation  (SR)  have  been  developed. 

One  of  them  x-ray  magnetic  circular  dichroism 
(XMCD),  first  observed  at  the  Fe  K  edge,1  measures  the 
difference  in  absorption  for  left  and  right  circularly  polarized 
photons  in  magnetic  materials.  In  the  near  edge  region  the 
dichroism  directly  yields  information  on  the  magnetic  as¬ 
pects  of  the  electronic  structure. 

Resonant  Raman  scattering  (RRS),  first  observed  in 
1974, 2  is  the  absorption  of  a  photon  with  an  energy  just 
below  the  absorption  edge  and  the  detection  of  a  photon  that 
is  emitted  by  the  electron  from  an  atomic  state  filling  the 
lower  lying  core  hole. 

This  technique  was  used  extensively  in  gas  phase  studies 
in  the  soft  x-ray  region  (<5  keV)  by  Cowan  et  al  They 
investigated  both  atomic  systems  and  small  molecules  where 
information  about  bond  orientation  was  obtained  using  linear 
polarized  SR.3 

Later  Hamalainen  et  al  used  RRS  in  dysprosium  nitrate 
in  order  to  overcome  the  lifetime  broadening  in  absorption 
and  to  separate  a  quadrupolar  transition  from  the  dominating 
dipolar  one.  The  energy  of  the  fluorescence  and  the  available 
crystal  analyzers  however  prevented  a  complete  study.4  The 
simulations5  where  it  is  possible  to  calculate  the  fluorescence 
signal  for  different  incident  energies  show  a  relatively  com¬ 
plicated  structure.  By  taking  a  cut  in  the  right  direction  of  the 
Ei-Ei-Ef  plane,  these  simulations  agree  very  well  with  the 
measured  data.  Recently,  Krisch  et  al  measured,  with  high 
resolution,  the  RRS  signal  from  gadolinium  gallium  garnet 
(GGG)  near  the  Lm  edge.6  They  clearly  separated  the  qua¬ 
drupolar  transition  from  the  dipolar  one  by  measuring,  for 
different  incident  energies,  the  La2  fluorescence.  The  results 
for  Gd  metal,  which  are  shown  in  Figs.  1  and  2,  are  very 
similar  to  those  obtained  from  GGG.  The  success  of  this 
experiment  motivated  us  to  combine  RRS  and  MCD  as  a 
means  to  measure  the  RRS  signal  using  circularly  polarized 
photons  in  the  incident  beam. 

The  experiment  was  done  at  the  wiggler-beamline  X25 


at  the  National  Synchrotron  Light  Source.7  The  x  rays  were 
focused  onto  the  sample  using  a  toroidal  mirror  and  mono- 
chromatized  with  a  Si(220)  double-crystal  monochromator. 
The  energy  resolution  of  the  incident  beam  is  about  1  eV  and 
the  focal  spot  size  on  the  sample  is  about  0.5X0. 5  mm2.  The 
incident  beam,  which  is  usually  linearly  polarized  in  the 
plane  of  the  ring,  is  partially  circularly  polarized  with  a  dia¬ 
mond  (111)  quarter-wave  plate.8,9  The  degree  of  polarization 
is  about  50%  and  was  measured  using  the  MCD  effect  in 
iron.  Due  to  absorption  the  efficiency  of  the  quarter-wave 
plate  is  only  10%. 

In  this  experiment  the  sample  was  a  250-/xm-thick  gado¬ 
linium  foil,  mounted  on  the  cold  finger  of  a  liquid  nitrogen 
cryostat  inside  an  evacuated  beryllium  can.  The  sample  tem¬ 
perature  was  about  200  K  so  that  a  magnetization  of  80% 
could  be  achieved.  The  sample  was  magnetized  with  an  ex¬ 
ternal  electromagnet.  The  scattered  photons  were  energy  ana¬ 
lyzed  with  a  spherically  bent  Si(333)-analyzer  (R=890  mm) 


FIG.  1 .  Absorption  coefficient  of  gadolinium  metal  around  the  Lm  edge.  The 
vertical  lines  correspond  to  the  incident  photon  energies  at  which  the  high 
resolution  spectra  of  the  inelastically  scattered  photons  were  measured.  The 
longer  lines  indicate  the  spectra  which  are  shown  in  Fig.  2. 
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Energy  transfer,  hw-hwf  [eV] 

FIG.  2.  Inelastic  scattering  spectra  from  gadolinium  metal.  The  incident 
photon  energy  at  which  the  spectra  are  taken  is  given  in  the  figure.  These 
spectra  were  measured  at  a  different  beamline  with  a  better  energy  resolu¬ 
tion  so  that  the  pre-edge  peak  is  separated  much  better  from  the  dipolar 
transition. 


with  the  sample  and  the  detector  on  the  Rowland  circle.  The 
energy  resolution  of  the  analyzer  was  better  than  1  eV  (see 
also  Fig.  3). 

The  data  were  collected  in  the  following  mode.  The  in¬ 
cident  and  the  final  energies  were  fixed  and  the  quarter-wave 
plate  produced  one  handedness  of  circularly  polarized  x  rays. 
After  that,  the  orientation  of  the  magnetic  field  was  flipped 
with  a  frequency  of  0.1  Hz  while  the  intensity  of  the  scat¬ 
tered  photons  was  measured  until  about  2000-100  000 
counts  per  orientation  of  the  magnetic  field  were  collected 
depending  on  the  intensity  of  the  signal.  After  that  the  hand¬ 
edness  of  the  circularly  polarized  x  rays  was  changed  by 


Si(333) -analyzer 


FIG.  3.  Experimental  setup:  The  radiation  from  the  X25-wiggler  is  focused 
on  the  sample  by  a  toroidal  mirror  and  monochromatized  by  a  pair  of 
Si(220)  crystals.  The  linearly  polarized  x  rays  are  partially  converted  into 
circularly  polarized  x  rays  with  the  diamond  quarter-wave  plate.  The  scat¬ 
tered  photons  are  energy  analyzed  with  a  spherically  bent  Si(333)  analyzer 
and  a  scintillation  counter.  The  detector  and  the  sample  are  on  the  Rowland 
circle. 
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FIG.  4.  A//X  for  the  different  directions  of  polarization  and  different  orien¬ 
tations  of  the  magnetic  field  together  with  the  fluorescence  line  for  compari¬ 
son. 


rotating  the  quarter-wave  plate  and  the  same  procedure  was 
repeated  in  order  to  minimize  systematic  errors.  This  was 
done  at  several  final  energies  for  the  incident  energy,  where 
the  quadrupolar  effect  is  relatively  large. 

In  order  to  process  the  data  we  calculate  for  each  energy 
the  ratio  (TT_TiV(TT+U)^  where  IT  stands  for  the  parallel 
electron  and  photon  spin  and  1 1  for  the  antiparallel  orienta¬ 
tion  (Fig.  4).  As  we  reverse  both  the  magnetic  field  and  the 
photon  spin  we  obtain  two  curves  which  are  almost  symmet¬ 
ric  around  0.  The  small  difference  can  be  explained  by  the 
difference  in  the  absorption  of  the  incident  photons. 

The  data  show  three  distinct  features:  a  relatively  strong 
peak  (5%-6%  effect)  at  the  quadrupolar  transition  at  1191 
eV,  a  second  peak  at  1195  eV,  which  is  on  the  low  energy 
shoulder  of  the  dipolar  transition,  and  then  a  change  of  the 
sign  at  the  peak  of  the  dipolar  transition  and  a  positive  fea¬ 
ture  on  the  high  energy  shoulder.  In  the  observed  region  this 
feature  seems  not  to  go  back  to  0,  but  the  low  count  rate  did 
not  allow  us  to  continue  the  measurement  beyond  this  re¬ 
gion. 

The  first  step  is  to  compare  these  data  with  XMCD  data 
in  the  LUI  edge  obtained  by  Schiitz  et  al 10  where  theoretical 
calculations11  agree  reasonably  well  with  the  measurements. 
As  expected  the  structure  at  the  quadrupolar  transition  in  our 
measurement  is  of  opposite  sign  compared  to  the  XMCD.  An 
unexpected  difference  is  that  the  sign  of  the  feature  on  the 
low  energy  side  of  the  dipolar  transition  is  the  same  as  the 
quadrupolar  peak.  In  the  one-electron  approximation  one 
would  expect  a  different  sign  in  the  quadrupolar  transition 
and  the  lower  lying  dipolar  transition  but  the  interaction  of 
the  core  hole,  in  this  case  now  a  3d  hole  in  the  final  state, 
with  the  4/ electrons  might  change  the  states  of  the  3d  elec¬ 
trons,  so  that  the  exchange  splitting  of  the  5/  electrons  gets 
canceled  by  a  larger  splitting  of  the  3d  electrons. 

The  final  state  in  the  quadrupolar  peak  is  3d94fn+l5d° 
and  the  whole  absorption-emission  process  corresponds  to 
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an  AfIVV-edge  absorption.  The  final  state  of  the  dipolar  fea¬ 
ture,  3d94fn5 dl,  is  forbidden  in  direct  absorption  and  there¬ 
fore  not  visible  in  M  edges. 

In  direct  MIV  V  MCD  the  calculations12  first  show  a  small 
positive  peak  and  then  a  very  strong  negative  peak  at  the 
maximum  of  the  absorption.  The  problem  in  our  measure¬ 
ment  is  that  the  intensity  of  the  quadrupolar  transition  itself 
is  already  very  low  so  that  we  cannot  see  the  positive  feature. 
The  strong  negative  feature  in  direct  MCD  changes  sign  in 
our  measurement  as  expected  and  is  equal  in  strength  to  the 
dipolar  transition. 

These  measurements  in  general  show  that  an  effect  can 
be  observed  by  exciting  RRS  with  circularly  polarized  x  rays 
and  that  the  results  agree  to  a  certain  extent  with  the  ones 
from  L-  and  M-edge  MCD. 

However  the  differences  compared  to  the  L-edge  MCD 
data  show  that  even  simple  models  do  not  qualitatively  de¬ 
scribe  the  data.  This  work  is  one  further  step  toward  the 
so-called  complete  experiment,  where  the  spin  and  energy  of 
the  incoming  photon  is  fixed  and  the  energy  and  spin  of  the 
scattered  photon  are  determined.  We  hope  that  this  work  will 
stimulate  some  theoretical  effort  in  the  calculation  of  spin 
resolved  resonant  Raman  spectra. 

It  should  be  noted  that  similar  experiments  on  the  same 

M  i  rt 

system  were  done  at  about  the  same  time  by  Schulke  et  al 
and  Krisch  et  al 14  with  similar  results. 
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Raman  heterodyne  detection  of  magnetic  resonance  in  a  phosphate  glass 

G.  K.  Liu,  C.-K.  Loong,  James  V.  Beitz,  Ruoxin  Cao,a)  Y.  H.  Chen,  and  K.  Suzuyab) 
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A  Raman  heterodyne  detection  of  magnetic  resonance  has  been  performed  for  probing  the  local 
structure  of  a  sodium  phosphate  glass  doped  with  trivalent  europium.  High  resolution  rf  modulation 
spectra  between  0.5  and  10  MHz  were  observed  without  the  laser  field  in  resonance  with  electronic 
transitions  of  the  glass.  The  intensity  of  the  observed  Raman  heterodyne  signal  depends  on  the 
external  static  magnetic  field  and  sample  temperature  as  well  as  the  intensity  of  the  laser  and  if 
fields.  The  ability  of  monitoring  the  rf  resonance  spectra  with  micrometer  spatial  resolution  may 
offer  a  potentially  important  means  to  probe  the  variation  of  local  structure  in  disordered  solid  state 
materials.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)79008-X] 


INTRODUCTION 

The  structure  of  vitreous  P2O5  is  thought  to  consist  of  a 
three-dimensional  network  of  corner-sharing  P04  tetrahedra 
each  of  which  is  decorated  with  a  nonbridging  P=0  bond.1 
A  complex  structural  modification  of  the  parent  P04  network 
occurs  as  metal  oxides  are  added  into  the  system.  In  the 
glassy  xM20*(1”x)P205  system  where  M+  is  the  network¬ 
modifying  cation  such  as  Na+,  it  is  expected  that  the  popu¬ 
lation  of  the  branching  configuration  (where  three  O  atoms 
of  a  P04  unit  are  shared  with  three  neighboring  P04)  de¬ 
creases  and  is  replaced  by  the  middle  configuration  (two 
bridging  O  per  P04)  as  /?  =x/(  1  —  x)  changes  from  0  to  1.  At 
the  metaphosphate  composition  (R  =  1),  the  dominant  struc¬ 
tural  units  are  believed  to  be  comer-sharing  P04  chains.  De¬ 
tails  of  such  intermediate-range  (e.g.,  chain-length  distribu¬ 
tion,  interchain  correlations,  etc.)  are  difficult  to  determine 
experimentally.  Data  from  conventional  diffraction  methods 
provide  a  reasonable  description  of  the  short-range  atomic 
correlations,  but  interpretation  of  intermediate-range  order¬ 
ing  usually  resorts  to  a  comparison  with  theoretical  models. 
Perhaps  the  technique  of  high  performance  liquid 
chromatography2  provides  the  most  substantial  information. 

Nuclear  magnetic  resonance  spectroscopy,  on  the  other 
hand,  is  capable  of  yielding  accurate  information  regarding 
the  local  environments  of  selective  atomic  nuclei  (e.g.,  31P) 
in  a  glass.3,4  Electronic  bonding  and  interactions  among  the 
nuclear  spins  and  electrons  give  rise  to  different  shielding 
conditions  at  nuclear  sites  which  can  be  detected  and  ana¬ 
lyzed  in  terms  of  chemical  shifts  against  a  reference  com¬ 
pound  of  known  structure.  Optically  detected  nuclear  mag¬ 
netic  resonance  (ODNMR)  is  another  method  for  measuring 
transitions  between  nuclear  sublevels  through  rf  optical 
double  resonance  between  optically  pumped  electronic  and 
magnetically  split  nuclear  states.  The  added  advantage  of  this 
method  is  the  availability  of  coherent  laser  light  and  noise- 
reduction  techniques  of  rf  wave  mixing  so  that  high  resolu¬ 
tion  and  high  sensitivity  can  be  achieved.  In  this  article  we 
describe  a  Raman  heterodyne  detection  of  nuclear  magnetic 
resonance  in  a  europium-doped  sodium  metaphosphate  glass. 


^Current  address:  Physics  Department,  Wuhan  University,  Wuhan,  China. 
b)Current  address:  Japan  Atomic  Energy  Research  Institute,  Tokai-mura, 
Naka-gun,  Ibaraki  319-11,  Japan. 


EXPERIMENTAL  DETAILS 

A  sodium  metaphosphate  glass,  (Na2O)50-(P2O5)50 
=NaP03,  was  prepared  from  melting  and  quenching  of  the 
appropriate  amounts  of  reagent  grade  Na2C03  and  H3P04. 
The  glass  was  then  ground  into  a  powder  and  mixed  Eu203 
powder  in  a  weight  ratio  of  NaP03  to  Eu203  of  9  to  1.  The 
mixed  powder  was  heated  to  1270  ±5  K  in  a  Pt  crucible  in 
air  for  30  min  and  the  melt  was  subsequently  quenched  on  a 
copper  plate.  A  small  amount  of  undissolved  Eu203  powder 
was  found  in  the  Pt  crucible,  so  the  dopant  concentration  of 
Eu203  is  expected  to  be  less  than  3  mol  %,  but  the 
Na20/P205  ratio  of  1  is  unchanged.  A  piece  of  the  Eu-doped 
NaP03  glass  was  cut  with  a  diamond  disk  to  a  rectangular 
parallelpiped  of  edges  5-1  mm  with  two  opposite  faces  pol¬ 
ished  for  the  experiment.  The  sample  was  kept  in  a  nitrogen 
purged  dry  box  to  minimum  exposure  of  the  glass  to  moist 
air.  No  solvent  was  used  during  the  cutting  and  polishing. 

The  schematic  layout  of  the  Raman  heterodyne  detected 
nuclear  magnetic  resonance  (RHDNMR)  apparatus  is  shown 
in  Fig.  1.  A  continuous-wave  single  wavelength  laser  tunable 
from  570  to  620  nm  was  employed.  The  sample  was 
mounted  inside  a  rf  coil  with  its  two  polished  faces  normal  to 
the  horizontal  laser  beam.  The  sample  assembly  was  placed 
inside  a  liquid  helium  cryostat  equipped  with  a  supercon¬ 
ducting  magnet  producing  a  static  magnetic  field  up  to  5  T  at 


FIG.  1.  Apparatus  for  Raman  heterodyne  detection  of  rf-optical  resonance 
in  solids. 
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FIG.  2.  Observed  spectrum  of  rf  resonance  in  phosphate  glass  detected  via 
Raman  heterodyne  method  at  3  K  and  a  static  magnetic  field  of  2.26  T.  The 
inset  segment  from  980  to  1010  kHz  is  a  separate  scan.  All  major  features  in 
the  spectrum  are  repeatable  and  minor  variations  in  the  relative  intensity  are 
due  to  laser  power  fluctuations. 


the  sample  position  while  the  sample  was  held  at  tempera¬ 
tures  between  2  and  300  K.  Two  rf  generators  produced 
sweeping  rf  waves,  f1  and  /2,  at  a  fixed  difference 
(f  i  —f2  =  50  kHz).  The  output  of  one  rf  generator  was  ampli¬ 
fied  and  sent  to  the  coil  inside  the  cryostat.  The  other  rf 
generator  served  as  the  local  oscillator  for  the  frequency 
mixer.  The  photocurrent  signal  from  a  photodiode  intercept¬ 
ing  the  transmitted  laser  beam  was  amplified  and  mixed  with 
local  oscillator  signal.  The  output  signal  of  the  mixer  was 
analyzed  by  a  lock-in  amplifier  using  a  50  kHz  reference 
frequency. 

The  technique  of  RHDNMR  was  first  introduced  by 
Mlynek  and  co-workers.5  It  relies  on  a  coherent  Raman  pro¬ 
cess  being  stimulated  by  resonant  rf  and  laser  fields.  The 
method  has  been  applied  to  investigate  the  level  structure 
and  spin  transient  properties  of  an  atomic  vapor  as  well  as 
solids  doped  with  impurity  ions.6-8  In  the  present  work,  rf 
resonance  in  a  glassy  system  was  observed  without  optical 
resonance  but  requiring  the  presence  of  an  external  magnetic 
field.  This  type  of  modulation  was  first  observed  in  a  lan¬ 
thanide  fluoride  crystal,9  and  the  mechanism  of  this  novel 
rf-optical  coupling  in  a  solid  is  not  yet  understood. 


RESULTS  AND  DISCUSSION 

Sharp  modulation  of  the  rf  field  from  0.5  to  10  MHz  in 
the  transmitted  laser  beam  was  observed  at  low  temperatures 
in  an  applied  static  magnetic  field.  Figure  2  shows  the  spec¬ 
tra  of  the  NaP03  glass  at  3  K  in  a  field  of  2.26  T  obtained 
using  a  rf  sweep  from  0.5  to  1.5  MHz.  It  consists  of  many 
resonance  groups  each  of  which  exhibits  numerous  lines 
with  widths  as  narrow  as  200  Hz.  Care  has  been  given  to 
verifying  the  observed  rf  resonance.  In  a  series  of  tests,  rf 
field,  laser  intensity,  sample  temperature,  and  external  static 

J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


magnetic  field  were  varied  to  confirm  our  observation  and  to 
eliminate  possible  rf  noise  from  the  electronics  and  the  laser. 
The  resonance  lines  diminished  as  the  magnetic  field  was 
reduced.  At  zero  field  no  resonance  was  observed.  Moreover, 
the  resonance  frequencies  were  independent  of  the  magnetic 
field  strength  which  was  varied  from  0.4  to  3  T.  Given  the 
energy  scale  of  the  rf  resonance  in  MHz  and  the  linewidth  in 
kHz,  the  observed  rf  modulation  is  unlikely  to  be  associated 
with  coupling  of  the  hyperfine  split  states  to  phonons  such  as 
in  coherent  Raman  or  Brillouin  scattering.  The  magnetic- 
field  independence  of  the  resonance  frequencies,  on  the  other 
hand,  rules  out  the  possibility  of  response  from  noninteract¬ 
ing  nuclear  spins  of  31P  and  23Na  in  the  sample.  We  believe 
that  magnetic  resonance  among  spin-coupled  nuclear  states 
of  31P  (7=1/2)  and/or  23Na  (7=3/2)  under  the  influence  of  a 
magnetic  field  gives  rise  to  the  observed  rf  spectra.  Presum¬ 
ably,  the  ligand  nuclear  spin-spin  interaction  is  considerably 
stronger  than  the  applied  field  strength.  Resonant  transitions 
between  the  polarized  states  of  the  correlated  spin  moments 
in  an  external  magnetic  field  evidently  are  induced  by  the  rf 
frequency  sweep. 

Our  initial  intent  was  to  observe  optical-rf  double  reso¬ 
nance  that  involved  the  electronic  and  nuclear  transitions  of 
the  Eu3+  ions  in  the  glass.  However,  rf  resonance  was  ob¬ 
served  over  the  570-620  nm  range  of  laser  wavelengths  in¬ 
vestigated.  Additionally,  the  observed  rf  resonance  frequen¬ 
cies  are  lower  than  those  expected  for  the  nuclear  quadrupole 
splitting  of  Eu3+. 10,11  Therefore,  we  conclude  that  the  optical 
transition  from  the  Eu3+  7F0  ground  state  to  the  5D0  excited 
state  at  588  nm  does  not  contribute  to  the  rf  resonance  ob¬ 
served  by  the  Raman  heterodyne  method.  Similar  rf  reso¬ 
nance  spectra  were  observed  also  in  other  phosphate  glasses 
which  contain  no  Eu. 

An  important  feature  in  our  experiment  was  the  spatial 
distribution  of  the  rf  modulation  within  the  transmitted  laser 
beam.  In  general,  variation  of  the  rf  resonance  pattern  as  the 
laser  beam  traverses  the  sample  suggests  structural  inhomo¬ 
geneity  in  the  material.  What  appears  to  be  a  unique  capabil¬ 
ity  in  our  measurements  was  the  fine  spatial  resolution  of  the 
order  of  1  pm.  This  is  achieved  by  expanding  the  transmitted 
laser  beam  through  a  lens  and  monitoring  the  line  intensities 
as  the  photodiode  (0.5  mm  diam)  is  translated  across  the 
expanded  beam.  The  intensity  variation  presumably  reflects 
the  changes  in  the  local  structure  which  contributes  to  the  rf 
resonance.  The  combination  of  high  sensitivity  and  good 
spatial  resolution  might  be  potentially  useful  for  probing  the 
structural  variation  in  a  disorder  solid. 

The  rf  resonance  was  observed  only  at  low  temperatures. 
Intensity  of  the  spectrum  diminished  as  the  sample  was 
warmed  up.  At  100  K  the  resonance  was  no  longer  observ¬ 
able.  This  temperature  dependence  is  consistent  with  the  hy¬ 
pothesis  that  the  observed  rf  resonance  arises  from  a  corre¬ 
lated  nuclear  spin  ensemble.  At  high  temperatures  the  spin 
coherency  apparently  is  destroyed  by  interactions  with  the 
surrounding  medium  (e.g.,  thermally  populated  electronic 
and  phonon  states). 
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In  summary,  the  present  RHDNMR  is  highly  sensitive  to 
the  local  structure  of  the  spin- spin  coupled  nuclear  states. 
Since  electronic  bonding  and  ligand  field  effects  affect  di¬ 
rectly  the  nuclear  spin  level  structure,  this  method  is  useful 
to  probe  the  local  electronic  structure,  particularly  for  disor¬ 
der  systems.  The  observed  effect  does  not  require  optical 
resonance  with  electronic  transitions  yet  the  if  resonance  ex¬ 
hibits  sharp  modulations  that  are  immune  to  inhomogeneous 
broadening.  In  the  case  of  a  sodium  ultraphosphate  glass, 
NaP03,  a  richly  detailed  rf  resonance  spectrum  was  observed 
at  low  temperatures.  Although  the  spectra  are  not  understood 
quantitatively,  the  structure  of  the  resonance  patterns  seems 
likely  to  reflect  the  complex  cross  linking  of  the  Na+  cations 
between  different  P04  chains.  Such  intermediate-range  order 
structure  is  known  to  depend  on  the  cation  size.  Thus  it  will 
be  instructive  to  study  the  systematic  of  the  rf  resonance 
spectra  of  phosphate  glasses  with  different  metal  cations. 
RHDNMR  measurements  of  Ca  and  Pb  phosphate  glasses  as 
well  as  phosphate  crystals  are  currently  underway. 
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Magnetic  and  Mossbauer  studies  of  hot-pressed  MnZnNi  ferrites  (abstract) 
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R.  K.  Puri 

Physics  Department,  Indian  Institute  of  Technology,  Delhi,  India 

Hot-pressed  MnZn  ferrites  are  extensively  used  for  magnetic  recording  applications.  The  present 
work  investigates  the  magnetic  properties  of  MnZnNi  ferrites  by  using  the  Mossbauer  spectroscopy 
and  taking  bulk  magnetic  measurements.  Ferrites  of  the  composition  Mn06Zn04„JCNiJCFe2O4 
(0<*=<0.4)  have  been  prepared  by  uniaxial  hot  pressing  technique.  The  final  sintering  was 
performed  at  1250  °C  for  3  h  under  a  pressure  of  35  MPa.  The  samples  exhibit  high  density 
(porosity  <0.1%)  nearly  uniform  grain  size  (average  grain  size =0.01  mm  approx.),  and  large 
Vickers’  hardness  (650  approx.).  The  variations  of  initial  permeability,  saturation  magnetization, 

Curie  temperature,  and  coercive  field  are  studied  by  changing  Ni2+  content.  The  initial  permeability 
increases  slightly  for  *<0.05,  attains  a  maximum  value  of  5660,  and  decreases  continuously  for 
*>0.05.  The  saturation  magnetization  increases  for  *<0.25  and  decreases  for  *>0.25.  The 
maximum  saturation  magnetization  obtained  for  *=0.25  is  4825  G.  The  Curie  temperature  increases 
markedly  from  431  to  682  K  with  increasing  Ni2+  content.  The  coercive  field  decreases  slightly  for 
*<0.05,  becomes  as  low  as  0.09  Oe,  and  increases  almost  linearly  thereafter.  The  results  are 
explained  on  the  basis  of  sublattice  magnetizations,  strength  of  AB  exchange  interactions  and 
change  in  magnetocrystalline  anisotropy  constant.  The  Mossbauer  studies  reveal  the  well-defined 
hyperfine  spectra  for  Ni2+-substituted  samples.  The  isomer  shift  remains  almost  unaffected  by  Ni2+ 
substitution,  while  the  quadrupole  splitting  is  observed  to  be  negligible  for  all  the  samples.  The 
hyperfine  field  decreases  continuously  as  *  increases  from  0  to  0.4.  The  occupancy  ratio  of  Fe3+  ions 
on  octahedral  to  tetrahedral  sites  yields  a  cation  distribution  which  conforms  with  the  bulk  magnetic 
measurements.  The  MnZnNi  ferrite  compositions  with  *  ranging  from  0.05  to  0.10  exhibit  properties 
which  make  them  suitable  materials  for  recording  head  applications.  ©  1996  American  Institute  of 
Physics .  [S002 1-8979(96)8 1208-8] 
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Quantum  vortex  motion  in  high-7c  superconductors 
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Magnetic  relaxation  experiments  at  low  temperatures  were  performed  in  different  zero-field-cooled 
(ZFC)  and  field-cooled  (FC)  high-7c  superconductors  (HTSCs):  TIBaCaCuO  (2212  and  2223 
phases,  polycrystalline  and  thin-film  samples),  (Hg,Tl)BaCaCuO  (1223  phase,  polycrystalline 
material),  and  (Bi,Pb)SrCaCuO  (2212  phase,  single  crystal).  For  each  system  and  in  the  whole 
temperature  range  investigated,  the  relaxation  curves  obtained  after  both  cooling  processes  are  linear 
with  the  logarithm  of  time.  The  temperature  dependence  of  the  relaxation  rate  normalized  to  the  first 
magnetization  value,  R  —  \d(M!Mf)!d  ln(f)|,  follows  a  trend  which  is  common  to  all  systems.  R 
decreases  linearly  with  decreasing  temperature  down  to  a  value,  which  is  called  the  crossover 
temperature,  below  which  it  levels  off  to  a  7-independent  plateau.  This  behavior  gives  evidence  of 
a  transition  in  the  mechanism  responsible  for  the  relaxation  process  at  low  temperatures,  from 
thermally  activated  (linear  dependence  on  7)  to  quantum  vortex  motion  (7-independent  regime). 
The  experimental  values  for  the  crossover  temperatures  and  normalized  relaxation  rates  compare 
fairly  well  to  numerical  estimates  in  the  framework  of  the  theories  of  quantum  vortex  motion  in 
layered  HTSCs.  Finally,  the  transition  from  one  regime  into  another  was  studied  in  two  samples  of 
the  TIBaCaCuO,  2223  phase,  system  in  order  to  investigate  the  influence  of  dissipation  on  the 
quantum  process.  A  clear  conclusion  on  this  point  could  not  be  drawn  from  these  kinds  of 
measurements.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)57408-0] 


During  recent  years,  quantum  motion  of  vortices  at  low 
temperatures  in  high-7c  superconductors  (HTSCs)  has  been 
extensively  investigated  in  a  great  variety  of  systems,  mainly 
by  means  of  the  detection  of  the  time  evolution  of  the 
magnetization.1,2  At  low  temperatures  this  decay  with  time, 
which  is  known  as  magnetic  relaxation,  is  usually  well  fitted 
to  a  logarithmic  law,  M(t)  —  M 0[1  —R(T)\n(t/t0)1,  where  M0 
is  the  first  magnetization  point  recorded  at  t0  and  R(T)  is 
called  the  normalized  relaxation  rate,  R^\d  ln(M/M0)/ 
d  ln(f)|.  The  time-logarithmic  law  is  the  natural  dependence 
found  in  the  Anderson-Kim  model3  for  thermally  activated 
flux  creep  and  is  restricted  to  the  low-temperature  regime.  As 
far  as  a  linear  dependence  is  predicted  by  this  model,  R 
should  vanish  as  temperature  goes  to  zero;  however,  in  all 
reports  mentioned  above,  as  the  temperature  tends  to  zero,  R 
presents  a  large,  temperature-independent  plateau,  rather 
than  extrapolating  to  zero,  suggesting  a  decay  of  magnetiza¬ 
tion  by  quantum  motion  of  vortices  through  the  energy  bar¬ 
riers. 

Quantum  vortex  motion  in  HTSC  was  first  described  by 
Blatter  and  Geshkenbein  in  the  context  of  the  quantum  col¬ 
lective  creep  (QCC)  theory 4  In  this  theory,  the  normalized 
relaxation  rate  at  7=0  in  the  regime  of  single  vortex  pinning 
is  given  by  R  —  -  hiSf ,  where  is  the  saddle-point  solu¬ 
tion  for  the  effective  Euclidean  action  of  the  tunneling  pro¬ 
cess  in  the  limit  of  strong  ohmic  dissipation,  and  is  given  by 


the  following  expressions:5 

Sf/h-(h/e2){Lc/pn) 

(3D  case), 

(la) 

Sf/h^{h/e2)(d/p„) 

(2D  case). 

(lb) 

In  these  equations  h/e2^4A  kfl  is  the  quantum  of  resistance, 
pn  is  the  normal  state  resistivity  extrapolated  at  7=0,  d  is  the 
interlayer  spacing,  Lc  —  Wy)(JQWc)m  *s  the  longitudinal 
dimension  of  the  tunneling  object,  £  is  the  superconducting 
coherence  length  at  7=0,  and  and  Jc  are  the  depairing  and 
critical  current  density.  All  values  are  taken  in  the  a—b 
plane. 

Because  of  the  layered  nature  of  HTSCs,  a  flux  line  in 
these  materials  can  be  pictured  as  a  stack  of  two-dimensional 
(2D)  pancake  vortices  lying  in  adjacent  copper  oxide  layers, 
connected  by  Josephson  vortices.6  The  dimensionality  of  the 
object  involved  in  the  tunneling  process,  however,  depends 
on  the  strength  of  the  magnetic  field  applied  before  or  during 
the  measurements  relative  to  a  certain  dimensional  crossover 
field,  ^3D-2D“  / ( T^)2’  where  <F0  is  the  flux  quantum,  and 
y  is  the  anisotropy  parameter  of  the  material.  Below 
//3D_2D,  2D  pancake  vortices  are  coupled  along  the  c  axis 
and  form  a  three-dimensional  (3D)  flux  line.  In  this  case,  the 
Euclidean  action  is  given  by  Eq.  (la)  and  the  normalized 
relaxation  rate  is  represented  as  Rd,3D »  where  the  subscript  d 
stands  for  the  dissipative  limit.  On  the  other  hand,  for  fields 
larger  than  H3D_2 D  ,  the  interaction  within  one  layer  is  stron¬ 
ger  than  the  interaction  between  adjacent  layers,  and  2D  pan¬ 
cake  vortices  become  decoupled.  In  this  case,  the  Euclidean 
action  is  given  by  Eq.  (lb)  and  the  normalized  relaxation  rate 
is  represented  as  Rd> 20- 

Very  recently,  Feigel’man  et  al1  suggested  that,  because 
of  the  special  values  of  their  superconducting  parameters, 
HTSCs  at  low  temperatures  should  enter  a  nondissipative 
regime  in  which  vortex  motion  is  dominated  by  the  Magnus 
instead  of  the  friction  force  acting  on  it.  In  this  limit,  the 
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TABLE  I.  Superconducting  transition  temperature  Tc ,  lower  critical  field 
Hc]  at  5  K,  dimensional  crossover  field  H3D.2D  and  applied  magnetic  field 
Ha  for  the  different  samples.  For  each  Tc  the  magnetic  field  at  which  it  has 
been  measured  is  reported.  In  sintered  samples,  only  intragranular  Hcl  are 
listed. 


Tl-pd 

Tl-ps 

Tl-f 

Hg-ps 

Bi-sc 

Tc  (K) 

108 

116 

112 

133 

85 

(100  Oe) 

(50  Oe) 

(1  Oe) 

(50  Oe) 

(10  Oe) 

Hc ,  (kOe) 

0.3 

0.7 

0.03 

0.14 

0.08 

#3D-2D  (kOe) 

0.007 

16 

16 

10 

0.2 

Ha  (kOe)  for  MZFC 

1.5 

0.5 

0.1 

Ha  (kOe)  for  Mr 

0.1 

3,  6 

0.5 

3,  10 

expressions  for  the  Euclidean  action  are  the  following:7 


SHElh~nseLc 

(3D  case), 

(2a) 

SE/h—n5g2d 

(2D  case), 

(2b) 

where  ns  is  the  density  of  superelectrons.  The  corresponding 
normalized  relaxation  rates  will  be  represented  as  Rh,3d  anc* 
Rh,2D  f°r  3D  and  2D  cases,  respectively,  where  the  sub¬ 
script  H  stands  for  the  Hall  limit. 

The  calculations  so  far  reported  correspond  to  the  limit 
of  zero  temperature.  At  finite  temperatures,  however,  quan¬ 
tum  tunneling  is  thermally  assisted  and  a  gradual  transition, 
instead  of  the  sharp  one  which  characterizes  the  T— 0  limit, 
from  thermal  to  quantum  vortex  motion  occurs,4 


/?(7’)=7?(0)[i+(r/r0)2]; 

(3a) 

tf(n  =  tf(0)[l+exp(-7’0/7U 

(3b) 

corresponding  respectively  to  the  strong-ohmic-dissipative 
and  nondissipative  limit,  which  includes  the  Hall  limit.  In 
these  equations,  T0  is  a  characteristic  temperature.  In  any 
case,  the  quantum  rate  will  be  thermally  assisted  up  to  a 
crossover  temperature  Tcr  which  is  given  by4 

h/S(*m(0)^kBTJUc,  (4) 

where  h/Sf^O)  is  the  normalized  relaxation  rate  at  T=0 
and  Uc  is  the  energy  barrier  for  thermal  activation. 

In  this  article  we  present  experimental  evidence  of  quan¬ 
tum  vortex  motion  at  low  temperatures  in  different  samples: 
polycrystalline  sintered  and  epitaxial  thin-film 
Tl2Ba2Ca2Cu3O10  (Tl-ps  and  Tl-f  respectively),  polycrystal¬ 
line  sintered  (Hg,Tl)Ba2Ca2Cu308  (Hg-ps),  polycrystalline 
powder  Tl2Ba2CaCu208  (Tl-pd),  and  single-crystal 
(Bi,Pb)2Sr2CaCu208  (Bi-sc).  Details  on  each  sample  prepa¬ 
ration  are  described  elsewhere.8,9  The  magnetic  relaxation 
measurements  were  performed  in  a  commercial  ac  supercon¬ 
ducting  quantum  interference  device  (SQUID)  (Quantum 
Design)  magnetometer  (1.8<7<400  K;  Hmax=5. 5  T),  fol¬ 
lowing  two  different  procedures.  In  the  first  one,  the  sample 
was  cooled  from  T>TC  in  a  zero  applied  field  [zero-field- 
cooling  (ZFC)  process]  down  to  the  working  temperature 
and,  after  attaining  a  stable  temperature  (temperature  stabil¬ 
ity  was  0.01  K  in  the  low-temperature  range),  a  magnetic 
field  was  switched  on  and  kept  constant  during  the  measure¬ 
ment  of  the  time  decay  of  the  ZFC  magnetization:  MZFC  vs  t. 
In  the  second  procedure,  the  sample  was  cooled  with  a  mag¬ 


FIG.  1.  Temperature  dependence  of  the  normalized  relaxation  rate  for  the 
Tl-ps  and  Tl-f  samples.  Circles  and  squares  correspond  to  Mr  of  Tl-ps  ob¬ 
tained  with  Ha~ 3  and  6  kOe,  respectively;  triangles  and  stars  represent, 
respectively,  MZFC  and  Mr  of  Tl-f  obtained  with  Ha= 0.5  kOe. 

netic  field  applied  on  [field-cooling  (FC)  process]  and,  after 
attaining  a  stable  temperature,  the  field  was  switched  off  and 
the  remanent  magnetization  was  recorded  as  a  function  of 
time:  Mr  vs  t.  After  each  run  was  complete  the  sample  tem¬ 
perature  was  raised  well  above  Tc  in  order  to  remove  com¬ 
pletely  the  trapped  flux  lines.  Table  I  summarizes  the  super¬ 
conducting  transition  temperature  Tc,  lower  critical  field 
Hcl ,  dimensional  crossover  field  H3D. 2D,  and  magnetic  pro¬ 
cedures  performed  for  each  sample. 

In  the  whole  low-temperature  range  investigated  (1.8 
<T< 20  K),  the  evolution  with  time  of  the  remanent  and 
ZFC  magnetization  of  all  samples  is  very  well  fitted  to  a 
time-logarithmic  law  in  the  studied  time  window  (the  total 
duration  of  each  measurement  was  about  1  h).  Figure  1  pre¬ 
sents  the  temperature  dependence  of  the  normalized  relax¬ 
ation  rates  corresponding  to  Tl-f  (MZFC  and  Mr  obtained  with 
0.5  kOe)  and  Tl-ps  (Mr  obtained  with  Ha— 3  and  6  kOe).  As 


T(K) 


FIG.  2.  Normalized  relaxation  rate  vs  temperature  for  Tl-pd,  Hg-ps,  and 
Bi-sc.  Circles  and  squares  stand,  respectively,  for  Tl-pd  Mr  obtained  with 
Ha= 0.1  kOe  and  MZFC  with  Ha=  1.5  kOe,  triangles  and  stars  represent  Mr  of 
Hg-ps  obtained  with  Ha~ 3  and  10  kOe,  respectively;  diamonds  are  used  for 
Bi-sc. 
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TABLE  IL  Experimental  and  estimated  parameters  for  the  samples  where  quantum  tunneling  is  observed.  From 
top  to  bottom:  experimental  value  (/?0e),  dissipative  (Rd),  and  Hall  (RH)  estimate  for  the  plateau;  experimental 
plateau  temperature  (Tp),  and  estimated  crossover  temperature  (Tcr).  When  appropriate,  the  applied  magnetic 
field  or  the  type  of  magnetization  is  reported. 


Tl-ps 

Tl-f 

Tl-pd 

Hg-ps 

R0,e  (%) 

0.7  (3  kOe),  1.1  (6  kOe) 

0.85  (Mr),  1.1  (Mzfc) 

2 

1  (3  kOe) 

Rd  (%) 

1.6 

1.6 

2.4 

2.3 

Rh{%) 

5 

5 

7 

7 

Tp  (K) 

2.5-3 

2.5-3 

5-6 

2.1 

Ta  (K) 

4 

7-8 

6-7 

2.6 

temperature  decreases,  all  curves  show  a  transition  from  a 
more  or  less  linear  dependence  to  a  temperature-independent 
plateau  which  begins  between  Tp— 2.5  and  3  K,  suggesting  a 
crossover  from  thermal  to  quantum  vortex  motion  at  low 
temperatures.  The  experimental  plateau  values  R0  e  are  simi¬ 
lar  for  both  samples:  For  Tl-ps,  for  Ha= 3  kOe 

and  —1.1%  for  Ha- 6  kOe;  R^e— 0.85%  and  —1.1%  for  the 
Tl-f  FC  and  ZFC  curves,  respectively.  In  order  to  compare 
with  theoretical  values,  we  must  first  estimate  the  dimen¬ 
sional  crossover  field  H3D_2D.  Using  7=^20  (Ref.  10)  and 
d— 18  A  (Ref.  11),  H3D_2 0^16  kOe  is  obtained,  which  is 
larger  than  the  magnetic  fields  applied.  Thus,  quantum  vortex 
motion  is  of  3D  nature  in  both  samples.  Substitution  of  typi¬ 
cal  HTSC  values  [( J0/Jc)m  -  15,  £-30  A,  pn~  15  /uH  cm, 
ns— 1021  cm-3]  in  Eqs.  (la)  and  (2a),  gives  Rdt 3D  —  1-6%  and 
Rh, 3D  —  5%,  which  agree  qualitatively  well  with  R0e  (an  at¬ 
tempt  to  obtain  a  quantitative  agreement  requires  the  use  of 
more  accurate  parameters).  Finally,  good  fittings  of  each 
gradual  transition  to  Eqs.  (3a)  and  (3b)  were  obtained,  with 
comparable  accuracy  in  both  cases.  Therefore,  no  conclusion 
can  be  drawn  about  the  dissipative  nature  of  the  quantum 
process.  The  temperature  up  to  which  each  fitting  rule  varies 
from  6  to  9  K,  depending  on  the  sample  and  extent  of  the 
low-temperature  range  studied.  The  crossover  temperatures 
calculated  from  Eq.  (4)  are  7cr— 4  K  for  Tl-ps  (with  Uc— 400 
K,  as  estimated  in  the  thermally  activated  regime),  and 
-7-8  K  for  Tl-f  (with  C/c-700-1000  K).  Both  values  are 
larger  than,  but  comparable  in  order  of  magnitude  to,  Tp . 

The  temperature  dependence  of  the  normalized  relax¬ 
ation  rates  corresponding  to  Tl-pd  (Mr  obtained  with  0.1  kOe 
and  Mzfc  obtained  with  1.5  kOe),  Hg-ps  (Mr  obtained  with  3 
and  10  kOe),  and  Bi-sc  (MZFC  obtained  with  0.1  kOe)  are 
plotted  in  Fig.  2.  The  transition  in  the  Hg-ps  curve  for  Ha=3 
kOe  and  both  two  Tl-pd  curves  appear  to  be  very  sharp,  with 
no  evidence  of  thermally  assisted  quantum  tunneling.  The 
experimental  plateau  values  are  Ro>e~l%  for  Hg-ps  and 
-2%  for  both  two  Tl-pd  curves.  Using  y—  30  and  d~  16  A 
for  Hg-ps,9  and  y^350  (Ref.  12)  and  d— 15  A  (Ref.  11)  for 
Tl-pd,  H3d. 2D-10  and  0.07  kOe  are,  respectively,  obtained. 
Therefore,  Hg-ps  is  in  the  3D  quantum  creep  regime 

{H a < H 3D_2d) »  and  Tl-pd  is  in  the  2D  re§ime  (Ha>H 3D-2D)- 

Then,  Rd3D  =*  2.3%  and  RHi3D  -  7  %  are  obtained  for  Hg-ps, 
while  Eqs.  (lb)  and  (2b)  give  Rd2 d  —  2.4%  and  RH  2D  —  7 % 
for  Tl-pd,  which  are  qualitatively  comparable  to  R0e.  The 
plateau  temperatures  are  Tp— 2.1  and  —6  K  for  Hg-ps  and 
Tl-pd,  respectively,  in  good  agreement  with  estimates  of  the 
crossover  temperature  from  Eq.  (4),  Tcr— 2.6  K  for  Hg-ps, 


and  —  6-7  K  for  Tl-pd.  Finally,  no  plateau  can  be  found  in 
the  Hg-ps  curve  with  Ha— 10  kOe  and  Bi-sc  curve,  suggest¬ 
ing  that  one  must  go  down  to  temperatures  below  1.8  K  to 
find  quantum  vortex  motion  with  these  magnetic  fields.  Ac¬ 
tually,  very  low-temperature  studies  in  2212  Bi-based  single 
crystals  present  plateaus  which  begin  below  2  K  and  stretch 
down  to  the  mK  regime.2  Table  II  summarizes  the  relevant 
parameters  for  the  samples  in  which  quantum  motion  has 
been  detected. 

In  summary,  we  have  reported  on  the  detection  of  quan¬ 
tum  relaxation  at  low  temperatures  in  different  HTSCs.  In 
some  samples  (Tl-pd,  Hg-ps)  the  transition  from  the  thermal 
to  the  quantum  regime  appears  to  be  very  sharp,  while  in 
some  others  (Tl-ps,  Tl-f)  it  is  more  gradual.  In  the  second 
case,  the  transition  was  investigated  in  order  to  gain  insight 
on  the  dissipative  nature  of  the  quantum  process,  but  no  con¬ 
clusion  could  be  drawn  from  the  present  study.  Finally,  quan¬ 
tum  vortex  motion  was  not  detected  in  a  couple  of  samples 
(Hg-ps  and  Bi-sc),  suggesting  the  extension  of  magnetic  re¬ 
laxation  measurements  to  the  regime  of  ultralow  tempera¬ 
tures. 
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Measurements  of  the  temperature  dependences  of  the  second-order  elastic  constants  and  attenuation 
of  ultrasonic  waves  through  the  magnetic  phase  transition  temperatures  of  a  Cr+0.2  at.  %  Ir  alloy 
single  crystal  are  reported.  The  incommensurate-commensurate  spin-density-wave  transition  is 
marked  by  steplike  decreases,  accompanied  by  hysteresis  of  width  about  16  K,  in  all  the  elastic 
constants  on  heating  through  the  transition  temperature.  The  attenuation  coefficient  shows  a 
spikelike  peak  at  this  transition.  A  deep  minimum  in  cn  and  small  peaks  in  c 44  and  \  (cn  —  c12)  are 
observed  at  the  Neel  transition.  ©  1996  American  Institute  of  Physics,  [S0021~8979(96)57508-4] 


I.  INTRODUCTION 

Magnetic  interactions  in  Cr  and  its  dilute  alloys  are  rela¬ 
tively  strong,1  resulting  in  large  anomalies  of  magnetic  origin 
in  the  elastic  constants  at  the  magnetic  phase  transition  tem¬ 
peratures  of  these  materials.  Cr  alloys  with  group-8  nonmag¬ 
netic  transition  metals  Ru,  Os,  Rh,  Ir,  and  Pt  are  of  particular 
interest1  in  this  regard.  The  magnetic  phase  diagrams  of  this 
group  of  Cr  alloys  all  contain  a  paramagnetic  (P),  an  incom¬ 
mensurate  (I),  and  a  commensurate  (C)  spin-density-wave 
(SDW)  phase.1  Interesting  behavior  was  observed  for  the 
polycrystalline  elastic  constants,  Young  modulus,  the  bulk 
modulus  B,  and  shear  modulus  G  of  Cr-Ru,2  Cr-Rh,3 
Cr-Pt,4  and  Cr-Ir  (Ref.  5)  alloys  near  the  magnetic  phase 
transition  temperatures.  Magnetoelastic  studies  on  these 
polycrystalline  alloys  are,  however,  of  limited  value  and 
measurements  on  single-crystalline  alloys  are  needed  for  a 
better  understanding  of  the  magnetoelasticity  of  the  above 
group  of  Cr  alloy  systems.  Only  one  of  these  alloy  systems, 
namely,  the  Cr-Ru  system,  was  studied6  up  to  now  for  SDW 
effects  on  the  single-crystal  second-order  elastic  constants 
cn,  c 44,  and  cf (cu  —  c12).  Remarkable  magnetoelastic 
effects  were  observed  for  Cr-Ru  alloy  single  crystals.  The 
longitudinal  mode  elastic  constant  cu  as  well  as  the  shear 
mode  constants  c44  and  cf  of  Cr-Ru  alloy  single  crystals 
show  steplike  decreases,  which  have  the  characteristics  of  a 
first-order  transition,  on  heating  through  the  ISDW-CSDW 
magnetic  phase  transition  temperature,  T]C.  The  behavior  at 
the  CSDW-P  transition  at  the  Neel  temperature  TN  is,  on  the 
other  hand,  quite  different.  The  longitudinal  mode  constant 
cu  shows  a  very  deep  minimum  at  TN  of  Cr-Ru  alloys  while 
the  shear  constant  c44  and  cf  show  only  weak  effects  in 
going  through  TN. 

We  studied  an  alloy  in  another  of  the  above  group  of 
alloy  systems  and  report  here  an  investigation  of  the  elastic 
constants  and  attenuation  of  ultrasonic  waves  in  a  Cr+0.2 
at.  %  Ir  alloy  single  crystal.  This  alloy  concentration  was 
chosen  for  preparing  a  single  crystal  because  it  is  above  the 
triple-point  concentration  on  the  magnetic  phase  diagram,1 
resulting  in  the  presence  of  both  ISDW-CSDW  and 
CSDW-P  magnetic  phase  transitions  on  heating  the  crystal 
from  low  temperatures. 


II.  EXPERIMENTAL  TECHNIQUES 

The  Cr-Ir  single  crystal  with  0.2  at.  %  Ir  was  grown  by 
a  floating-zone  technique  using  radio-frequency  heating.  The 
starting  material  was  a  polycrystalline  rod  prepared  from 
99.996%  pure  Cr  and  99.9%  pure  Ir.  The  actual  concentra¬ 
tion  was  determined,  using  electron  microprobe  techniques, 
to  be  0.20 ±0.05  at.  %  Ir.  Velocity  and  attenuation  of  10  MHz 
ultrasonic  waves  were  measured  by  using  a  standard  pulse- 
echo  overlap  technique.  The  distances  between  parallel  sets 
of  (100)  and  (110)  planes  on  the  sample  were  between  6  and 
8  mm.  Measurements  were  done  during  both  cooling  and 
heating  runs. 

III.  RESULTS  AND  DISCUSSION 

The  temperature  dependences  of  the  elastic  tensor  com¬ 
ponents  cn,  cL  =  \  (cu  +  cn  +  2c 44),  c44,  and  cf  =  5  (cu 
-  c  12)  are  shown  in  Fig.  1  for  heating  runs.  Figure  2(a) 
shows  the  temperature  dependence  of  the  bulk  modulus  B 
=  5  (cu  +  2c12)  =  cn  —  5  c '  ofthe  Cr+0.2  at.  %Ircrystalas 
well  as  the  expected  nonmagnetic  component  taken7  as 
B{T)  of  a  Cr+5  at.  %  V  crystal.7  The  magnetic  component 
A B  of  B  for  Cr+0.2  at.  %  Ir  is  shown  as  a  function  of  tem¬ 
perature  in  Fig.  2(b).  A B  is  obtained  as  AZ?=5(Cr95V 5)-# 
(Cr99  8Ir0  2),  where  5(Cr99  8Ir0  2)  was  calculated  from  the  data 
in  Fig.  1. 

The  data  of  Fig.  1  show  two  well-defined  anomalies. 
One  of  these,  in  the  form  of  a  steplike  decrease  during  heat¬ 
ing  for  all  the  elastic  constants,  occurs  at  a  temperature 
around  270  K.  In  accordance  with  the  magnetic  phase  dia¬ 
gram  of  Cr-Ir  alloys,1  this  anomaly  is  taken  to  occur  at  the 
ISDW-CSDW  magnetic  phase  transition  temperature  Tic- 
The  other  anomaly  is  in  the  form  of  a  deep  minimum  around 
370  K  in  both  the  cn-T  and  cL- T  curves  and  in  the  form  of 
small  peaks  in  the  c44-T  and  cf -T  curves.  These  anomalies 
are  associated  with  the  Neel  transition. 

Figure  3  shows  the  temperature  dependence  of  cn, 
cL,  c44,  and  c  near  the  ISDW-CSDW  phase  transition  for 
measurements  taken  during  both  cooling  and  heating  runs. 
This  transition  shows  large  hysteresis  effects  of  width  about 
16  K  for  all  modes.  Above  about  280  K  the  elastic  constants 
in  Fig.  3  show  no  thermal  hysteresis  between  heating  and 
cooling  runs,  showing  that  hysteresis  effects  disappear  at 
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T(K)  T(K) 


FIG.  1.  Temperature  dependence  of  (a)  c ! ! ,  (b)cL=  2  (cn  +  ci2  +  2c44),(c) 
C44,  and  (d)  c'  =  \(cu  -  cn)  obtained  during  heating  runs  for  a  Cr+0.2 
at.  %  Ir  single  crystal.  The  broken  lines  represent  the  temperature  depen¬ 
dence  of  the  nonmagnetic  component  of  the  corresponding  elastic  constant 
of  the  Cr+0.2  at.  %  Ir  crystal,  and  are  obtained7  from  the  corresponding 
elastic  constant  of  a  Cr+5  at.  %  V  crystal  that  remains  paramagnetic  at  all 
temperatures. 


temperatures  about  8  K  higher  than  TiC  (on  heating)  for  all 
elastic  modes.  On  the  other  hand,  hysteresis  effects  are 
present  for  the  two  longitudinal  modes,  cn  and  cL ,  of  Fig.  3 
down  to  232  K,  about  24  K  below  Tcl  (on  cooling),  and  only 
to  245  K,  about  11  K  below  TCI,  for  the  two  shear  modes, 
c 44  and  c\  Below  245  K  the  hysteresis  effects  for  the  shear 
modes  are  negligible.  The  observation  that  hysteresis  effects 
persist  in  the  Cr+0.2  at.  %  Ir  crystal  in  a  much  larger  tem¬ 
perature  range  below  Tcl  than  above  TIC  was  also  noted8  for 
a  Cr+0.3  at.  %  Ru  single  crystal.  The  difference  in  behavior 
between  the  two  crystals  is  that  for  the  Cr+0.3  at.  %  Ru 
crystal8  this  phenomenon  was  observed  for  both  longitudinal 
and  shear  mode  elastic  constants,  while  it  is  observed  mainly 
for  the  longitudinal  mode  constants  of  the  Cr+0.2  at.  %  Ir 
crystal.  All  the  elastic  constants  of  Fig.  3  show  the  same 
first-order  character  at  the  I-C  or  C-I  transition  as  was  ob¬ 


T(K)  T(K) 


FIG.  2.  Temperature  dependence  of  (a)  the  bulk  modulus  B  and  (b)  of  the 
magnetic  contribution  A B  to  B  of  Cr+0.2  at.  %  Ir.  (c)  and  (d)  show  the  best 
fit  (solid  line)  of  Eq.  (1)  to  the  experimental  data  for  A B  and  Acn  in  the 
CSDW  phase.  Results  of  heating  runs  are  shown. 
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FIG.  3.  Hysteresis  effects  in  (a)  cn  ,  (b)  cL=  5  (cn  +  c[2  +  2c44),  (c)  c 44 , 
and  (d)  (cu  -  c12)  near  the  ISDW-CSDW  magnetic  phase  transition 
of  a  Cr+0.2  at.  %  Ir  single  crystal  for  (•)  heating  runs  and  (O)  cooling 
runs. 

served  for  a  Cr+0.3  at.  %  Ru  crystals.8  No  hysteresis  effects 
were  observed  within  the  experimental  error  during  cooling 
and  heating  runs  through  the  Neel  transition. 

Figure  4  shows  the  temperature  dependence  of  the  at¬ 
tenuation  of  10  MHz  ultrasonic  waves  for  the  different  vi¬ 
bration  modes  in  the  Cr+0.2  at.  %  Ir  crystal  near  the  ISDW- 
CSDW  phase  transition  for  both  heating  and  cooling  runs. 
The  C-I  transition  (on  cooling)  is  characterized  by  a  sharp 
spikelike  attenuation  peak  at  a  temperature  Ta.  This  is  also 
the  case  for  the  I-C  transition  (on  heating)  that  shows  a 
similar  peak  at  T]c .  The  width  of  the  attenuation  peak  at  half 
amplitude  is  about  1.5  K  or  less.  An  interesting  behavior  in 
Fig.  4  is  the  broad  hump  in  attenuation  at  temperatures  just 
above  the  sharp  peak  for  the  cn  mode  of  vibration  and  also 
the  double  peak  for  the  cL  mode.  At  present  we  do  not  know 
the  reason  for  this  behavior  but  note  that  it  is  rather  small  for 
the  two  shear  vibration  modes.  From  the  average  tempera¬ 
tures  of  the  peaks  in  Fig.  4  we  obtain  7’1C=272.2±0.8  K  and 
7’CI=256±1  K.  These  temperatures  correspond  with  the  tem¬ 
peratures  at  the  inflection  points  of  Fig.  3,  identifying  the 


T(K)  T(K) 


FIG.  4.  Ultrasonic  (10  MHz)  attenuation  coefficient  a  of  Cr+0.2  at.  %  Ir  for 
modes  of  propagation  corresponding  to  (a)  cit ,  (b)  cL= 5 

(c,  +  c, 2+  2C44),(C>C44,  and  (d)  c'  =  \  (c „  -  cn):  (•)  heating  runs  and 
(O)  cooling  runs. 
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inflection  points  as  the  I-C  and  C-I  SDW  transition  points 
on  the  c-T  curves.  The  ultrasonic  attenuation  becomes  ex¬ 
tremely  large  in  the  vicinity  of  the  Neel  transition  and  we 
were  unable  to  measure  it  reliably  around  TN  in  this  study. 

Tn  for  the  Cr+0.2  at.  %  Ir  crystal  was  defined  at  the 
minimum  point  of  the  cn-T  and  ch-T  curves  of  Fig.  1, 
giving  Tn=311. 0±0.4  K.  The  temperatures  TIC=272.2 
±0.8  K  and  7Ar=377.0±0.4  K  of  the  present  measurements 
on  single-crystalline  Cr+0.2  at.  %  Ir  agree  reasonably  well 
with  temperatures9  7IC=279  K  and  7^=380  K  as  well  as 
with10  Tn  =371  ±2  K.  determined  from  electrical  resistivity  p 
measurements  on  polycrystalline  Cr+0.2  at.  %  Ir.  No  hyster¬ 
esis  effects  were  reported  at  7IC  in  the  p-7  measurements  of 
Butylenko  and  Nevdacha.9  The  p  anomaly  observed  by  them 
at  7IC  is  small  and  weak  while  such  anomalies  are  absent  in 
the  p-T  measurements  of  Yakhmi  and  co-workers10  on  poly¬ 
crystalline  Cr+0.2  at.  %  Ir.  The  present  measurements  show 
a  well-defined  and  relatively  large  anomaly  in  all  the  single¬ 
crystalline  elastic  constants  at  Tic ■ 

KatsneTson  and  Trefilov11  recently  studied  the  tempera¬ 
ture  dependence  of  the  elastic  constants  of  dilute  Cr  alloys 
near  T N  theoretically.  Their  microscopic  theory  shows  that  an 
anomaly  arises  for  these  materials  in  the  temperature  depen¬ 
dence  of  the  elastic  constants  below  TN.  This  anomaly  is 
brought  about  by  the  disappearance  of  the  antiferromagnetic 
gap  in  the  electron  spectrum  when  7—^7^,  resulting  in 
changes  in  the  screening  and  in  the  phonon  spectrum.  The 
result  is  a  softening  of  the  elastic  constants  below  TN,  which 
explains  the  observed  softening  in  the  Cr+0.2  at.  %  Ir  crys¬ 
tal  qualitatively.  The  theory  gives  for  the  magnetic  compo¬ 
nent  Ac ii  of  the  elastic  constant  cH  at  temperatures  not  too 
close  to  Tn 

a) 

where  fxt  are  components  of  the  deformation  tensor.  In  Eq. 
(1)  A cH  is  defined  as 

Acn= ^(nonmagnetic  Cr  alloy) 

—  ^(magnetic  Cr  alloy), 

which  is  of  opposite  sign  as  the  definition  used  by 
KatsneTson  and  Trefilov,11  but  conforms  with  that  used  in 
Fig.  2  for  A B  and  Acu.  As  TN  is  particularly  sensitive  to 
changes  in  volume,  the  bulk  modulus  B(T)  should  soften  the 
most  from  Eq.  (1)  which  explains  the  softening  observed 


experimentally  for  B  in  this  study.  In  Eq.  (1),  y~  1  if  the 
density-of-states  function  in  the  paramagnetic  phase  is 
smooth  near  the  Fermi  level  and  y=5/4  if  it  has  a  van  Hove 
singularity  there.11 

Equation  (1)  fits  the  experimental  data  for  A B  and  A cn 
in  the  CSDW  phase  of  the  Cr+0.2  at.  %  Ir  crystal  well  (see 
Fig.  2)  in  the  temperature  range  280<7<370  K  with 
y=0.416±0.003  and  y= 0.422  ±0.004,  respectively.  This 
gives  a  y  value  different  from  the  theoretically  expected  val¬ 
ues  of  either  1  or  5/4.  A  similar  analysis  of  the  A B-T  data12 
of  a  Cr+0.3  at.  %  Ru  crystal  gives  y=0.280±0.002  over  a 
temperature  range  of  about  120  K,  in  the  CSDW  phase,  be¬ 
low  Tn. 

IV.  CONCLUSION 

In  conclusion,  Cr  alloy  single  crystals  with  group-8  non¬ 
magnetic  transition  metals  Ru  and  Ir  show  nearly  similar 
temperature  dependences  of  their  elastic  constants  around  the 
ISDW-CSDW  and  CSDW-P  magnetic  phase  transition  tem¬ 
peratures.  The  only  markable  difference  is  in  the  details  of 
the  hysteresis  behavior  around  the  ISDW-CSDW  transition. 
Longitudinal  and  shear  mode  constants  behave  differently  in 
this  regard  for  Cr+0.2  at.  %  Ir  while  they  behave  the  same 
for  Cr+0.3  at.  %  Ru.  The  temperature  behavior  of  the  mag¬ 
netic  component  of  the  bulk  modulus  is  different  for  the  two 
crystals  just  below  TN  in  the  CSDW  phase.  The  temperature 
derivative  of  A B  at  each  temperature  in  this  phase  is  larger 
for  Cr+0.2  at.  %  Ir  than  for  Cr+0.3  at.  %  Ru. 
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Hall-effect  measurements  on  Cr  films  deposited  on  Ge  substrates 
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The  Hall  effect  of  Cr  films  on  Ge  substrates  was  measured  at  room  temperature  in  a  high-vacuum 
system.  It  was  found  that  the  Hall  coefficient  RH  depends  on  the  pressure  in  the  vacuum  system. 
rh  of  films  about  1-2  nm  thick  was  about  5X 1CT11  m3/C  for  a  pressure  during  Cr  evaporation  in 
the  10“7  Torr  range.  The  Hall  coefficient  decreased  to  less  than  1CT11  m3/C  if  pressure  decreased 
into  the  10“8  Torr  range.  These  RH  values  are  much  lower  than  found  in  bulk  chromium.  They 
would  give  in  a  one-band  model  about  1  electron  hole/atom  for  the  higher-pressure,  and  about  12 
electron  holes/atom  for  the  lower-pressure  experiments.  A  two-band  model  could  give  the  observed 
low  Hall  coefficients  if  the  hole  current  nearly  compensated  the  electron  current.  Both  models 
cannot  be  reconciled  with  presently  accepted  electron  band  models  for  chromium.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)57608-3] 


INTRODUCTION 

The  properties  at  the  Ge-Cr  interface  are  unusual  at 
room  temperature.  The  resistance  of  ultrathin  Cr  films  on  a 
Ge  substrate  is  much  lower  than  expected,  and  both  Ge  or  Si 
overlayers  reduce  the  electrical  resistance.1  These  films  are 
strongly  diamagnetic,  although  they  should  be  paramagnetic, 
just  like  Cr  films  on  glass  substrates.2  The  absolute  Seebeck 
coefficients  of  an  ultrathin  Cr  film  on  a  Ge  substrate  is, 
within  experimental  accuracy,  zero.3  These  results  would  be 
expected  if  the  Cr-semiconductor  interface  region  is  super¬ 
conducting;  however,  the  films  do  not  show  zero  resistance. 
Therefore,  we  suggested  as  a  possible  model  that  the  inter¬ 
face  contains  superconducting  islands.1-3 

Hall-effect  measurements  on  superconductors  by  Das- 
coulidou  et  alf  show  that  the  Hall  coefficient  RH  of  their 
samples  approaches  zero  if  the  samples  change  from  the  nor¬ 
mal  to  the  superconducting  state.  Their  work  encouraged  us 
to  start  Rh  measurements  on  Cr  films  deposited  on  Ge  sub¬ 
strates. 

EXPERIMENTAL  APPROACH 

We  prepared  films  in  the  same  high-vacuum  system 
(base  pressure  close  to  10  8  Torr)  described  previously.1,2 
First  Ge  films,  about  2-3  nm  thick,  were  deposited  by 
evaporating  high-purity  germanium  (resistivity:  40  cm)  on 
a  glass  plate  (1. 8X1.8  cm2)  with  five  electrical  silver  paint 
contacts:  two  for  current  leads,  three  for  potential  leads. 
Then  chromium  (99.995%  total  purity)  was  evaporated  and  a 
Cr  film  with  thickness  t  formed  on  the  Ge  film.  The  growth 
rate  was  of  the  order  of  1  nm/min.  Auger  spectroscopy  stud¬ 
ies  by  Schroder  and  Walsh1  showed  that  this  produced  clean 
Cr  films.  The  experimental  approach  was  the  same  as  used 
for  the  preparation  of  films  for  resistivity1  and  Seebeck  co¬ 
efficient  S  measurements.3  For  Seebeck  coefficient  measure¬ 
ments  the  film  was  in  contact  with  two  Fe  wires,  forming  a 
differential  thermocouple.  A  second  differential  thermo¬ 
couple  consisting  of  two  Fe  wires  and  a  Constantan  wire  was 
placed  at  the  opposite  side  of  the  glass  plate  to  measure  the 
temperature  gradient.  Details  are  given  in  Ref.  3.  The  Hall 
voltage  VH  was  measured  at  a  magnetic  field  B  of  0.58  T. 
Several  Cr  films  were  deposited  in  sequence,  and  at  the  end 


of  each  Cr-film  deposition  the  Hall  voltage  was  measured  at 
0.58  T.  The  main  uncertainty  in  the  data  is  due  to  the  error  in 
the  thickness  measurements  determined  with  the  INFICON 
XTM/2  thickness  monitor.  Since  the  surface  of  the  glass 
plate  and  the  crystal  of  the  monitor  are  both  initially  covered 
with  germanium  in  situ ,  the  sticking  probability  for  chro¬ 
mium  should  be  the  same  for  the  films  prepared  on  the  glass 
plate  or  the  crystal  of  the  thickness  monitor;  however,  the 
glass  plate  and  the  thickness  monitor  crystal  are  not  lined  up 
in  the  same  direction  with  respect  to  the  Cr  source  as  in 
previous  electrical  resistance  measurements.1  We  found  in 
our  present  system,  using  two  thickness  monitors,  that  a  few 
monolayers  may  form  on  the  glass  or  quartz  crystal  sub¬ 
strates  first  before  the  films  grow  on  both  substrates  nearly 
uniformly.  This  leads  to  an  uncertainty  in  the  film  thickness  t 
which  may  be  as  large  as  0.5  nm.  The  resistance  per  square 
in  our  present  experiments,  shown  in  Fig.  1,  is  for  sample  3 


thickness  (nm) 


FIG.  1.  Resistance  per  square  of  sample  1  (circles),  2  (squares),  and  3 
(triangles)  as  a  function  of  thickness  t.  The  pressure  during  evaporation  was 
highest  for  sample  1  (in  the  upper  1(T7  Torr  range),  slightly  lower  in  sample 
2,  and  lowest  for  sample  3  (in  the  1CT8  Torr  range).  Data  points  are  of  the 
size  of  the  error. 
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thickness  (nm) 

FIG.  2.  Hall  coefficient  of  sample  1  (circles),  2  (squares),  and  3  (triangles) 
as  a  function  of  thickness. 


FIG.  3.  Number  of  holes  per  chromium  atom  of  sample  1  (circles),  2 
(squares),  and  3  (triangles)  as  a  function  of  film  thickness  calculated  with 
the  assumption  of  a  one-band  model.  The  length  of  the  error  bar  extends 
sometimes  above  the  upper  border  of  the  figure.  The  exact  value  for  the 
upper  error  limit  is  unimportant  for  the  discussion. 


very  similar  to  what  was  found  in  earlier  experiments.1 
Sample  3  was  prepared  at  the  same  pressure  as  samples  for 
the  earlier  tests.1 

RESULTS  AND  DISCUSSION 

Figure  2  gives  the  Hall  coefficient  RH=  VHtlIB ,  with  I 
the  current  flowing  through  the  sample,  as  a  function  of  the 
nominal  film  thickness  t.  RH  is  positive.  As  mentioned  pre¬ 
viously,  the  uncertainty  in  the  film  thickness  is  estimated  to 
be  0.5  nm.  This  means  that  the  RH  values  for  t<  1  nm  have 
an  error  of  more  than  50%.  The  error  for  films  with  t>  2  nm 
is  less  than  25%.  The  Hall  coefficients  for  t>  1  nm  are  within 
the  experimental  accuracy  constant.  RH  of  our  films  is  much 
smaller  than  RH  of  bulk  samples  for  which  the  Hall  coeffi¬ 
cient  is  about  4X10-10  m3/C.5 

Rh  is  positive:  This  suggests  that  the  electric  current  is 
carried  predominantly  by  holes.  RH  is  related  to  the  hole 
concentration  p  (number/volume)  by 

RH=llpq,  (1) 

if  one  can  use  a  one-band  model. 

Hole  concentrations  per  volume  of  a  Cr  atom  (p/C r 
atom)  calculated  with  Eq.  (1)  are  given  in  Fig.  3.  One  finds 
that  p/C r  atom  for  films  more  than  0.7  nm  thick  is  about  1-2 
if  the  pressure  during  Cr  evaporation  is  in  the  10“7  Torr 
range.  p/C r  atom  >10  if  the  pressure  is  in  the  10“8  Ton- 
range,  and  if  one  neglects  the  first  data  point.  (The  pressure 
dependence  of  the  Hall  coefficient  and  p  may  be  due  to 
variations  in  impurity  levels.  An  increase  in  base  pressure 
could  lead  to  an  increase  in  the  impurity  concentration, 
which  in  turn  modifies  the  microstructure  during  growth.) 
These  numbers  are,  even  if  one  considers  the  experimental 
uncertainties,  much  larger  than  found  for  bulk  chromium  (p 
=0.2/Cr  atom5).  Values  of  pi  Cr  atom  >10  cannot  be  recon¬ 
ciled  with  any  acceptable  electron  model  for  chromium. 

One  should  therefore  try  to  use  a  multiband  model.  The 
Hall  coefficient  of  a  multiband  system  is  given  by 


(\  2 

RfiJ  >  W 

where  cr  is  the  electrical  conductivity  of  the  sample,  cr,  the 
conductivity  in  subband  i,  and  RH  ,•  is  the  Hall  coefficient  of 
subband  i.  This  equation  shows  that  if  one  band  carries  most 
of  the  current  it  will  control  RH,  and  it  is  therefore  usually 
adequate  to  use  a  one-band  model.  In  a  system  with  para¬ 
bolic  energy  bands  i,  the  Hall  coefficient  for  each  subband  is 
RH>i=  -  llntf  for  electrons,  and  RH  (  =  1  /ptq  for  holes. 

If  one  assumes  that  the  current  in  our  thin  films  is  due  to 
one  hole  and  one  electron  band,  then  one  can  explain  the 
small  value  for  RH  with  the  assumption  that  the  current  by 
electrons  is  nearly  as  large  as  the  current  by  holes.  In  that 
case  RH=(ah/a)2RHih-  (er^/cr)2/?^ .  The  two  terms  in 
the  right-hand  side  of  this  equation  essentially  cancel  each 
other.  This  interpretation  of  the  Hall  effect  would  state  that 
the  thin  Cr  films  are  compensated,  independent  of  film  thick¬ 
ness.  This  model  is  not  confirmed  by  other  experiments.  The 
absolute  Seebeck  coefficient  is  close  to  zero  only  for  about 
two  monolayers  of  chromium  on  germanium  and  that  first 
decreases  to  about  -2  to  -4  /zV/K  for  films  about  3  nm 
thick.  Such  a  behavior  of  S  is  not  expected  for  a  compen¬ 
sated  material. 

As  before  we  are  left  with  a  problem.  We  have  magnetic 
susceptibility,  electrical  resistivity,  Seebeck  coefficient,  and 
Hall  coefficient  measurements  which  are  unusual.  One  could 
try  to  explain  each  of  the  electrical  measurements  with  a 
conventional  model,  but  the  model  used  to  explain  the  Hall 
coefficient  does  not  work  for  the  Seebeck  coefficient.  The 
strong  diamagnetism  cannot  be  explained  at  all  with  any 
standard  model.  The  only  model  which  would  explain  all 
results  would  be  the  model  of  disconnected  superconducting 
islands  near  the  surface  or  the  interface  with  the  substrate. 
This  model  was  already  proposed  to  explain  previous 
measurements.1-3 

There  may  be  other  explanations.  Clearly  more  work  is 
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needed  before  we  understand  the  electrical  transport  pro¬ 
cesses  in  the  Cr-Ge  interface. 
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The  almost  linear  dependence  of  the  maximum  Barkhausen  noise  signal  amplitude  on  stress  has 
made  it  a  tool  for  nondestructive  evaluation  of  residual  stress.  Recently,1  a  model  has  been 
developed  to  account  for  the  stress  dependence  of  the  Barkhausen  noise  signal.  The  model  uses  the 
development  of  Alessandro  et  ai2  who  use  coupled  Langevin  equations  to  derive  an  expression  for 
the  Barkhausen  noise  power  spectrum.  The  model  joins  this  expression  to  the  magnetomechanical 
hysteresis  model  of  Sablik  et  al}  obtaining  both  a  hysteretic  and  stress-dependent  result  for  the 
magnetic-field-dependent  Barkhausen  noise  envelope  and  obtaining  specifically  the  almost  linear 
stress  dependence  of  the  Barkhausen  noise  maximum  experimentally.4  In  this  paper,  we  extend  the 
model  to  derive  the  angular  dependence  observed  by  Kwun5  of  the  Barkhausen  noise  amplitude 
when  stress  axis  is  taken  at  different  angles  relative  to  magnetic  field.  We  also  apply  the  model  to 
the  experimental  observation  that  in  XC10  French  steel,  there  is  an  apparent  almost  linear 
correlation  with  stress  of  hysteresis  loss  and  of  the  integral  of  the  Barkhausen  noise  signal  over 
applied  field  H .  Further,  the  two  quantities,  Barkhausen  noise  integral  and  hysteresis  loss,  are 
linearly  correlated  with  each  other.  The  model  shows  how  that  behavior  is  to  be  expected  for  the 
measured  steel  because  of  its  sharply  rising  hysteresis  curve.6  ©  1996  American  Institute  of 
Physics.  [S0021~8979(96)70808-X] 
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The  influence  of  Mo  additions  on  the  unusual  magnetoelastic  properties  and  Invar-type  behavior  of 
a  Cr0.997Ru0.003  antiferromagnetic  alloy  was  investigated.  Measurements  were  done  of  the 
temperature  dependence  of  the  thermal-expansion  coefficient  and  bulk  modulus  of 
(Cr1_xMox)0.997Ru0003  alloys  with  (Kx^O.07.  Well-defined  magnetic  anomalies  were  observed  at 
the  Neel  temperature  implying  large  magnetic  contributions  to  the  thermal  expansion  and  the  bulk 
modulus,  making  these  alloys  suitable  to  be  analyzed  and  parameterized  in  terms  of  existing 
theories.  The  addition  of  Mo  to  Cr0997Ru0003  completely  suppresses  the  presence  of  the 
commensurate  spin  density  wave  phase  for  x  ^0.0 15  and  does  not  improve  the  Invar- type  behavior 
to  a  desired  level  that  may  be  useful  for  practical  applications.  ©  1996  American  Institute  of 
Physics .  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)57708-4] 


I.  INTRODUCTION 

Alloying  Cr  with  the  nonmagnetic  transition  metal  Ru 
shows  unusual  magnetoelastic  effects1  due  to  strong  spin 
density  wave  (SDW)  interactions  with  the  lattice.  The  coef¬ 
ficient  of  thermal  expansion  a  of  a  Cr0 .997Ru0.oo3  alloy 
shows1  a  deep  minimum  at  the  commensurate  (C)  SDW  to 
paramagnetic  (P)  Neel  transition,  observed  at  the  Neel  point 
Tn  ,  and  a  large  maximum  at  the  incommensurate  (I)  to  com¬ 
mensurate  (C)  SDW  phase  transition  temperature  LIC.  One 
of  the  remarkable  features  of  a(T)  of  Cr0997Ru0 003  is  the 
very  small  value  of  a  (a**0)  observed1  at  TN  (^395  K).  This 
behavior  indicates  antiferromagnetic  Invar^type  effects  to  be 
present  in  this  alloy  around  T N ,  making  it  a  candidate  for 
practical  application.  The  temperature  region  in  which 
Cro997Ruo.oo3  displays  Invar-type  effects  is  relatively  small 
and  occurs  well  above  room  temperature,  thereby  limiting  its 
practical  usefulness.  In  order  to  eliminate  this  limitation, 
Cr0.997Ru0.003  should  be  tailored  in  such  a  way  that  T N ,  and 
therefore  the  temperature  where  a— 0,  is  reduced  down  to 
room  temperature  and  that  the  temperature  interval  in  which 
a  remains  close  to  zero  is  simultaneously  broadened.  It  was 
shown3  that  the  addition  of  Mo  to  Cr  acts  to  weaken  the 
strength  of  the  SDW,  thereby  decreasing  TN  of  Cr  linearly. 
Mo  is  ideally  suited  for  this  purpose  as  it  seems  from 
experiment4  that  the  magnetic  ordering  in  Cr-Mo  alloys  is 
still  of  a  Cr-type  SDW  ordering,  even  for  relatively  high  Mo 
concentrations,  up  to  at  least  10  at.  %  Mo.  One  can  therefore 
use  Mo  to  adjust  the  strength  of  the  SDW  and  study  its 
effects  on  the  Invar-type  behavior  of  the  above  Cr-Ru  al¬ 
loys.  We  report  in  this  study  on  the  effects  on  the  thermal 
expansion  and  bulk  modulus  of  a  Cr0  997Ru0  003  alloy  when 
some  of  the  Cr  atoms  are  replaced  by  Mo. 

II.  EXPERIMENTAL  TECHNIQUE 

Polycrystalline  ingots  of  (C^  .^MoJq  997Ru0  003  with 
x=0,  0.003,  0.007,  0.01,  0.015,  0.03,  and  0.07  were  prepared 
from  99.99%  Cr  and  Mo  and  99.9%  Ru  starting  materials  by 
means  of  arc  melting.  Electron  microprobe  analyses  indi¬ 
cated  that  the  actual  concentrations  do  not  differ  by  more 
than  5%  from  the  nominal  values  of  x  and  that  the  alloys  are 
homogeneous  to  within  less  than  5%  of  the  quoted  concen¬ 


trations.  Standard  strain  gauge  and  ultrasonic  (10  MHz)  mea¬ 
suring  techniques  were  used5  to  measure  the  thermal  expan¬ 
sion  and  sound  velocity  of  the  alloys  as  functions  of 
temperature.  The  thermal-expansion  coefficient  a  was  deter¬ 
mined  for  all  the  alloys,  while  the  bulk  modulus  B ,  calcu¬ 
lated  from  longitudinal  and  shear  wave  sound  velocity  mea¬ 
surements,  was  only  determined  for  alloys  with  x  =0.007, 
0.015,  and  0.07.  A L/L  for  the  (Cr^_xMoJC)Q997Ruooo3  alloys 
were  measured  relative  to  that  of  a  paramagnetic  Cr0  95V0  05 
alloy  in  order  to  obtain  the  contributions  of  the  magnetic 
ordering  to  AL/L  of  the  Cr-Ru-Mo  alloys.  Cr095V005  re¬ 
mains  paramagnetic  at  all  temperatures  and  simulates  the 
paramagnetic  component  of  a  and  B  of  the  antiferromagnetic 
Cr-Ru-Mo  alloys.6  The  experimental  error  in  the  absolute 
value  of  AL/L  was  about  5%  while  changes  with  tempera¬ 
ture  of  the  order  of  2X10”6  could  be  detected.  The  error 
estimated  in  the  absolute  value  of  B  is  about  2%,  while 
changes  in  the  order  of  one  in  103  with  temperature  could  be 
observed.  All  measurements  were  conducted  within  the  tem¬ 
perature  range  77-450  K.  Thermal-expansion  measurements 
were  carried  out  during  both  heating  and  cooling  runs,  in 
order  to  check  for  hysteresis  effects  around  LIC,  since  it  is 
known7  that  the  ISDW-CSDW  phase  transition  in 
Cr0997Ru0003  is  first-order  like,  while  sound  velocity  mea¬ 
surements  were  done  only  for  heating  runs. 

III.  RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  a  is  shown  in  Fig.  1  for 
different  values  of  x.  Well-defined  anomalies,  in  the  form  of 
a  sharp  minimum  for  x^O.03  and  in  the  form  of  a  relatively 
steep  step  for  x= 0.007,  are  observed  in  the  a-T  curves  at 
Tn  .  Minima  were  also  observed  at  TN  in  the  B-  T  curves  for 
x=0.007,  0.015,  and  0.07  as  shown  in  Fig.  2.  The  results 
show  that  the  addition  of  Mo  to  binary  Cr0  997Ru0  003  de¬ 
creases  Tn  toward  room  temperature  and  below,  as  expected. 
This  results  from  the  weakening  effects  of  Mo  on  the  SDW 
in  Cr0>997Ru0  003.  Furthermore,  the  addition  of  Mo  increases 
the  value  of  a  at  TN  making  ternary  (Cr1_;cMo;c)0  997Ruo.oo3 
alloys  less  suitable  for  practical  applications.  It  is  of  interest 
to  note  that  the  a-T  curve  for  x =0.07  in  Fig.  1  is  nearly  flat 
just  below  Tn  in  a  temperature  range  of  about  50  K,  making 
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FIG.  1.  Temperature  dependence  of  the  coefficient  of  thermal  expansion 
a—d(AL/L)ldT  for  (Crj  -xMojr)a997Ru0003  where  (a)  *=0,  (b)  *=0.003, 
(c)  *=0.007,  (d)  *=0.01,  (e)  *=0.015,  (f)  *=0.03,  and  (g)  *=0.07.  The 
solid  line  and  dotted  line  curves  represent  the  heating  and  cooling  runs, 
respectively,  and  they  were  drawn  through  the  experimental  data  points 
which  were  obtained  at  0.1  K  intervals.  The  dashed  line  curves  represent  the 
expected  nonmagnetic  component  of  the  Cr-Ru-Mo  alloys  given  by  a  for 

C  to.  95^0.05* 

a  nearly  invariant  with  temperature.  In  this  temperature 
range  a  is  however  too  large  to  be  of  any  use  in  practical 
applications. 

The  a-T  curves  are  further  characterized  (Fig.  1)  by  a 
large  relative  maximum  at  the  ISDW-CSDW  phase  transi¬ 
tions  at  Tlc  on  heating  and  a  smaller  maximum  at  the 
CSDW-ISDW  transition  temperature  Tcl  on  cooling.  Al¬ 
though  hysteresis  effects  of  width  AT  ^21  K  were  clearly 
observed  during  heating  and  cooling  runs  through  the 
ISDW-CSDW  and  CSDW-ISDW  phase  transitions,  the 
ISDW-P  phase  transition  at  TN  showed  no  hysteresis  effects, 
indicative  of  its  second-order  nature.  The  transition  tempera¬ 
ture  Tic  (or  Tcl)  increases  with  a  progressive  suppression  of 
the  CSDW  phase  as  the  Mo  content  is  increased  (Fig.  1), 
thereby  suppressing  the  CSDW  phase  completely  for 
*^0.015.  The  ISDW-CSDW  (CSDW-ISDW)  phase  transi¬ 
tion  for  (Crj  ^xMo J0.997Ru0.003  alloys  is  furthermore  also  ac¬ 
companied  by  a  shoulder-hump-type  feature  on  the  a-T 
curve  between  T\c  and  TN  [Figs.  1(a),  1(b),  and  1(c)]. 
The  origin  of  this  feature  on  the  a-T  curves  is  presently 
unknown  but  it  may  be  mentioned  that  it  was  previously  also 
observed  in  Cr-Pt  alloys.8  This  feature  progressively  moves 


FIG.  2.  Temperature  dependence  of  the  bulk  modulus  B  for 
(Crj  -jMoJo^Ruqoos  where  (a)  *=0.007,  (b)  *=0.015,  and  (c)  *=0.07. 
The  dashed  line  curves  represent  the  expected  nonmagnetic  component  of  B 
taken  as  B  for  a  Cr095V005  alloy  that  remains  paramagnetic  at  all  T. 


closer  to  TIC  (Tcl)  as  the  Mo  content  is  increased  up  to 
x= 0.007  beyond  which  it  disappears.  The  ISDW-CSDW 
phase  transition  was  only  barely  observable  as  a  very  weak 
anomaly  on  the  B-T  curve  of  the  sample  with  x -0.007 
(Fig.  2).  In  the  case  of  jc=0.007,  a(T)  measurements  clearly 
indicated  the  existence  of  both  the  ISDW-CSDW  and  the 
CSDW-P  phase  transitions,  while  the  measurements  of 
B(T)  revealed  a  large  relative  minimum  at  the  CSDW-P 
phase  transition,  which  overshadows  the  much  smaller 
ISDW-CSDW  phase  transition  that  is  normally  observed  on 
B-T  curves  of  Cr  alloys.1 

The  magneto  volume  Aco(T)  and  A  B(T),  which  are  the 
magnetic  contributions  to  the  volume  and  the  bulk  modulus, 
respectively,  were  determined  from  the  AL/L  and  B  mea¬ 
surements  by  applying  similar  calculation  techniques  as  were 
used  previously.9  For  Cr  alloys,  Aco(T)  and  A B(T)  are 
expected10  theoretically  to  vary  as 

Aco(t)/Aa)(0)-  a04-a1r2  +  a2f4, 
and 

AB(t)IAB(0)  =  b0  +  blt2  +  b2t\ 

where  t-TITN  and  the  a  and  b  are  fitting  parameters,  re¬ 
spectively.  As  shown  by  the  typical  examples  of  Fig.  3,  these 
equations  fit  the  results  for  those  alloys  that  do  not  show 
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FIG.  3.  Temperature  dependence  of  (a)  the  magnetovolume  Aw  and  (b)  the 
magnetic  contribution  to  the  bulk  modulus  A B  for  (Cr1_JCMoJC)0997Ru0003 
where  x =0.015.  The  solid  line  curves  in  (a)  and  (b)  are  best  fits  of  the 
equations  A a)=a0  +  alt2  +  a2t4  and  A B  =  bG  +  blt2  +  b2t4,  respectively,  to 
the  experimental  data. 


ISDW-CSDW  phase  transitions,  namely  for  0.01 5  =^x 
=s0.07,  rather  well.  This  was  previously  also  found  to  be  the 
case  for  other  Cr  alloy  systems.10-12  Theory  further 
predicts10  that  (a1/a0+a2la0)  =  - 1.  For  the  Cr-Ru-Mo  al¬ 
loys  we  obtained  (al/aQ  +  a2/a0)  =  -0.66,  -0.60,  and 
-0.84  for  x=0.015,  0.03,  and  0.07,  respectively,  which  are 
typical  values  obtained  for  other  dilute  Cr  alloys.10 

The  parameterization  of  the  magnetoelastic  data  of  the 
(Cr!  -^MoJq  997Ru0  Q03  alloys  was  obtained  by  employing  the 
technique  described  in  Ref.  13.  The  magnetic  Griineisen  pa¬ 
rameters  PNT(r<l)  and  rSF(f>l),  giving,  respectively,  the 
volume  derivative  of  the  logarithmic  Neel  temperature  func¬ 
tion  Tm(o))  and  the  spin-fluctuation-temperature  function 
Tsf(w),  were  calculated  from  the  linear  sections  of  plots  of 
A B(T)  vs  A  where  /3  is  the  volume  thermal-expansion 

coefficient,  using  the  same  notations  and  technique  as 
previously.13  A  typical  example  of  the  A B  vs  A/3  curves  for 
T>Tn  and  T<TN  is  shown  in  Fig.  4.  The  parameters 
rNT(f<l)  and  rSF(f>l)  were  calculated  from  the  linear 
parts  of  these  curves  for  the  alloys  with  x =0.015  and  0.07 
that  exhibit  only  the  ISDW  phase  for  all  T  below  T N .  The 
results  are  Tnt=— 49  and  Fsx=  —32  for  x=0.015  and 
Tnt=  -39  and  TSF=  -46  for  x =0.07,  which  are  of  the  same 
order  of  magnitude  as  previously  observed  in  other  ternary 
Cr  alloys.11  For  most  Cr  alloys  studied11,12,14  up  to  now  it 
was  found  that  rSF  is  much  smaller  (up  to  three  times  or 
more)  than  Tnt.  The  only  exceptions  are  the  members  of  the 
(Cr0  97Mo0  03)!  -ySiy  alloy  system,  for  which11  TSF^rNX,  as 
is  also  the  case  for  (Cr1_^Mo^)o.997Ru0  003  with  x  =0.015  and 
0.07  of  this  study. 


FIG.  4.  AB(t)  is  shown  as  a  function  of  the  magnetic  contribution  to  the 
volume  thermal-expansion  coefficient  A  fi(t)  for  x =0.015.  The  solid  lines 
are  least-square  fits  to  the  data  points  between  and  including  the  encircled 
points.  The  values  of  t=T/TN  (TN~ 299  K)  at  the  encircled  points  are 
shown.  The  points  (•)  show  the  comparison  of  AB(t)  and  A /5(f)  for  T<TN 
and  (O)  for  T>TN. 

IV.  CONCLUSION 

In  conclusion,  although  the  addition  of  Mo  to 
Cr0  997Ru0  003  has  the  desired  effect  to  decrease  the  Neel  tem¬ 
perature  down  to  room  temperature,  it  simultaneously  in¬ 
creases  the  coefficient  of  thermal  expansion  to  much  larger 
values.  We  were  therefore  not  successful  in  our  effort  to 
improve  the  Invar-type  properties  of  the  Cr0  997Ru0  003  alloy 
by  the  addition  of  Mo. 
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Magnetoelastic  energy  in  domains  separated  by  90°  walls 
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An  iron  whisker  with  a  current  along  its  axis  has  four  domains  in  a  frame  about  a  central  core.  The 
domains  in  the  frame  are  magnetized  perpendicular  to  the  axis.  The  central  core  is  magnetized  along 
the  axis.  The  magnetoelastic  energy  and  its  corresponding  effective  field,  found  analytically  using 
the  calculus  of  variations,  account  for  the  experimental  observation  that  for  each  current,  below  a 
critical  current,  there  is  a  narrow  range  of  fields  for  which  there  are  two  stable  sizes  for  the  central 
core.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)79908-7] 


Iron  whiskers  make  ideal  substrates  for  growing  ultra- 
thin  films  of  transition  metals  by  molecular  beam  epitaxy 
because  of  the  perfection  of  their  surfaces.1  They  are  used 
also  to  influence  the  magnetic  response  of  the  ultrathin  films, 
e.g.,  to  measure  the  coupling  to  a  ferromagnetic  film  sepa¬ 
rated  from  the  substrate  by  a  nonmagnetic  film.2  This  was  the 
motivation  for  passing  a  current  along  the  axis  of  the  whis¬ 
ker,  with  all  surfaces  [100],  to  switch  the  direction  of  the 
magnetization  at  the  surface.  The  current  should  produce  the 
domain  configuration  shown  in  Fig.  1.  The  direction  of  cir¬ 
culation  of  the  magnetization  in  the  four  transverse  domains 
(referred  to  collectively  as  the  frame)  should  be  determined 
by  the  direction  of  the  current.  The  size  and  direction  of  the 
central  longitudinal  domain  (referred  to  as  the  core )  should 
be  determined  by  the  strength  and  direction  of  a  magnetic 
field  applied  along  the  axis.  Studies  of  the  ac  magnetic  re¬ 
sponse  for  various  applied  fields  and  currents  showed  that 
the  configuration  in  Fig.  1  accounts  for  many  of  the  obser¬ 
vations.  There  were  some  surprising  effects3  which  were 
eventually  traced  to  magnetoelastic  energies,  arising  because 
the  core  elongates  in  the  direction  of  its  magnetization  while 
the  frame  expands  circumferentially.4 

The  dc  susceptibility  deduced  from  the  ac  susceptibility 
measured  with  a  single  turn  about  the  central  cross  section  is 
also  shown  in  Fig.  1  as  a  function  of  the  applied  field  in  the 
presence  of  a  current.  This  response  is  determined  primarily 
by  the  competition  between  the  applied  field  which  expands 
the  longitudinal  core  and  the  combined  effects  of  the  demag¬ 
netizing  field  and  the  field  from  the  current  which  shrink  the 
core.5  This  is  shown  as  the  heavy  dashed  line  in  Fig.  1.  The 
demagnetizing  field  is  proportional  to  the  area  of  the  core. 
The  effective  field  from  the  current  is  proportional  to  the 
width  of  the  core.  In  a  low  enough  field  the  dc  susceptibility 
should  be  proportional  to  the  square  root  of  the  applied  field. 
In  higher  fields  it  should  approach  a  constant  value  mainly 
determined  by  the  demagnetizing  factor.  It  appears  that  the 
longitudinal  core  collapses  for  fields  below  a  critical  field, 
//c=0.7  G.  The  problem  is  to  account  for  this  loss  of  re¬ 
sponse  in  small  positive  fields.  The  domain  wall  energy  is 
not  responsible  for  this  collapse,  rather,  it  favors  the  expan¬ 
sion  of  the  central  core,  as  does  the  applied  field. 

The  effective  field  from  the  magnetoelastic  energy 
shrinks  the  core  for  small  core  size  and  expands  it  for  large 
core  size.  The  present  calculation  leads  to  an  effective  field 
of  the  right  sign  and  magnitude  to  explain  the  collapse  in 


positive  fields.  The  aim  of  this  work  is  to  be  completely 
analytical  and  at  the  same  time  to  find  agreement  with  ex¬ 
periment  with  no  adjustable  parameters.  As  magnetoelastic 
problems  are  not  generally  familiar  to  workers  in  micromag¬ 
netics,  the  exposition  below  contains  some  pedagogical  ele¬ 
ments,  Eqs.  (2),  (5)-(8),  and  (10),  and  (11),  that  might  oth¬ 
erwise  be  skipped. 

According  to  Brown,6  the  Helmholtz  free-energy  density 
for  the  magnetoelastic  energy  when  the  magnetization  is 
along  one  or  another  of  the  cube  edges  is 


^mel 


e\ 


r2- 


2  y  =  i  /  =  !  J  J 


(i) 


where  the  direction  cosines  of  the  magnetization  are  a,  (3, 
and  y  and  the  six  components  of  the  elastic  strain  are  given 
by  the  e{s.  In  the  domain  walls  the  effect  of  magnetostriction 
is  incorporated  into  the  anisotropy  constant;  see  Brown  [Eq. 
(8-34)  in  Ref.  6].  Equation  (1)  is  used  to  find  the  energy  per 
unit  length  in  the  central  cross  section,  where  the  derivatives 
of  the  magnetization  with  respect  to  z,  along  the  axis,  vanish. 
The  full  three-dimensional  strain  problem  is  treated  approxi¬ 
mately  by  assigning  an  energy  to  each  cross  section  as  if  it 
were  a  central  cross  section  with  a  different  size  core.  The 


FIG.  1.  The  field  dependence  of  the  dc  susceptibility  and  a  schematic  draw¬ 
ing  of  the  domain  pattern  for  a  [100]  whisker  with  a  current  along  its  axis. 
The  calculated  response  ignoring  magnetostriction  is  shown  as  the  heavy 
dashed  line.  Because  of  magnetoelastic  strains,  the  central  core  collapses  at 
Hc .  The  hysteresis  at  Hc  is  less  than  the  ac  driving  field  used  in  obtaining 
this  data.  The  core  fills  the  central  cross  section  at  Hd .  The  hysteresis  at  Hd 
is  less  than  the  ac  driving  field. 
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effects  of  the  magnetization  in  cross  sections  away  from  the 
central  cross  section  are  taken  into  account  by  assuming  that 
the  area  A  of  the  central  core  varies  as  A(z) 
=A(0)[1  -(z/L)2]  where  2 L  is  the  length  of  the  whisker.7 
This  leads  to  minor  changes  in  the  response  compared  to 
assuming  that  the  central  cross  section  applies  to  the  whole 
whisker. 

The  simplest,  but  crude,  assumption  is  that  the  strains  in 
the  central  cross  section  are  the  same  in  the  core  and  the 
frame.  This  properly  maintains  the  square  symmetry.  It  does 
not  let  the  lattice  planes  bow  and  does  not  allow  for  the 
dependence  of  the  strain  on  log  y  and  1  /y2,  which  actually 
occur  for  a  transverse  domain  magnetized  in  the  x  direction. 
These  terms  will  be  added  below  after  carrying  out  the  uni¬ 
form  calculation  for  its  pedagogical  value.  In  the  restricted 
calculation  there  are  but  two  unknowns,  |  and  £  which  char¬ 
acterize  the  displacements  of  the  atoms  in  both  the  core  and 
the  frame, 


100  3  (c„-c12)’ 

the  energy  per  unit  volume  depends  on  r  according  to 


«mel- _  (cll  c12)Mo(y  3 1  '  t10-* 

Note  that  the  energy  is  lowest  when  the  core  fills  the  cross 
section.  The  energy  is  highest  (actually  zero)  when  r =0.577 
corresponding  to  the  net  magnetic  moment  per  unit  volume 
in  the  central  cross  section  being  Msr 2  =  MJ 3. 

The  effective  field  comes  from  the  dependence  of  the 
energy  per  unit  volume  on  the  net  magnetic  moment  per  unit 
volume, 


#eff(r)  ( an 


w %  u £  z£k\ 


and  the  corresponding  strains: 
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From  Eqs.  (1)  to  (4)  the  energy  density  in  the  frame  is 
a{j=/^{5[cu(2£2+£2)]  +  c12(£2+2££)  +  }(f— £)}  (5) 

and  the  energy  density  in  the  core  is 

ac0  =  k\{k[c  n{2£2 +  ?)']  + cn{£2+2U)  +  j(- £+£)}■ 

(6) 

The  total  energy  per  unit  volume  of  the  central  cross  section 


u 

y=k i£,  e3  =  ^  =  The  effective  figid  jn  the  limit  of  vanishing  core  (r2=0)  is 

(3) 

H^0)=-(9/ms)\2m(cn-c12)^-Hmd.  (12) 

For  iron  //mel=0.30  G,  compared  to  the  experimental  col¬ 
lapse  fields  which  are  close  to  0.7  G.  The  sign  is  right  and 
the  order  of  magnitude  is  right,  but  in  this  crude  model  it  is 
U\  too  small.  Note  that  this  effective  field  becomes  less  negative 
with  increasing  magnetization  as  the  core  expands.  This  ex¬ 
plains  qualitatively  the  complex  behavior  seen  experimen¬ 
tally.  Below  a  critical  current,  there  are  narrow  ranges  of 
field  for  which  there  are  two  stable  solutions  for  the  area  of 
the  central  cross  section  at  each  field  and  current.  The  critical 
density  in  the  frame  is  limits  of  these  regions  produce  interesting  and  useful  mag¬ 

netic  properties. 

2(£2  +  2 ££)  +  j(£~£)}  (5)  When  calculation  is  carried  out  for  less  restrictive  strain 

fields,  eff  for  small  r  becomes  larger.  The  linear  dependence 
'e  is  of  Hc(f  on  r2  will  be  joined  by  a  term  in  r2  log  r2  that  am- 

9  2  plifies  the  critical  effects.  The  next  order  of  approximation 

2(£2  +  2££)  +  j(-£+£)}-  yields  an  energy  density  given  by 

(6) 

3  /2(cn  — c12)(-2r2  log  r2  +  r4-l) 

of  the  central  cross  section  ame ^  M,HmJ - ~  +  12c 


amei=af0(-r2+  \)  +  ac0r2,  (7) 

where  r=dtld  is  the  ratio  of  the  inner,  2d,,  to  outer,  2d, 
dimensions  of  the  frame.  Minimizing  amd  with  respect  to  £ 
and  £  yields  the  strains 


2(cn  —  ci2) 


r~3’  ^^2lr 


When  the  core  fills  the  cross  section  (r=l),  the  strain  £ 
(in  the  z  direction)  is  the  magnetostriction  constant  A-kjo 
which  for  iron  is  2.2X10  5.  In  terms  of  A. i oo >  given  by 


r2-- 

3 


and  the  corresponding  effective  field 


H  eff  ( r ) =  3  Hme\ 


2(cn-c12)(-log  r2+r2—  1) 


c44+  12c  n 


'  2_I 

\T  3 


The  energies  and  effective  fields  for  the  two  approximate 
calculations  are  compared  in  Fig.  2.  Equations  (13)  and  (14) 
follow  from  assuming  that  the  strain  in  a  transverse  domain 
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FIG.  2.  (a)  The  dependence  of  the  magnetoelastic  energy  on  the  relative  area 
r2  of  the  core  domain  for  the  simple  argument  I  and  the  more  detailed 
calculation  II.  (b)  The  relation  between  r 2  and  the  effective  field  from  the 
magnetoelastic  energy  for  I  and  II.  (c)  The  dependence  of  r 2  on  small  ap¬ 
plied  fields  for  a  particular  whisker  geometry  using  Eqs.  (22)  and  (23)  for 
the  critical  current  l c ,  for  7c/2,  and  for  3/c/2.  For  I c ,  the  external  dc  sus¬ 
ceptibility  is  continuous,  reversible,  and  infinite  at  the  critical  applied  field. 


magnetized  in  the  x  direction  depends  on  y  while  maintain¬ 
ing  the  walls  between  transverse  domains  at  45°  with  respect 
to  the  axes.  The  displacements  are 

ux=xg(y)ki,  uy=yg(y)k\ ,  uz=zykx.  (15) 

These  displacements  do  not  permit  bowing  of  the  atomic 
planes;  a  more  complicated  calculation  shows  this  is  not  im¬ 
portant.  The  corresponding  strains  are 

I  d 

ei=kig{y),  e2  =  kx\y  —  g(y)  +  g{y) 

!  d 

e3=yki,  e4  =  -xk{  —  g(y),  e5  =  e6  =  0.  (16) 

By  the  calculus  of  variations, 


gW*?“^n2^l08,+'7 


(17) 


which  introduces  the  parameters  p  and  a  which  along  with  £ 
describe  the  displacements  in  the  frame.  (The  parameter  cr 
could  be  transferred  to  the  term  in  logy.)  The  core  is  de¬ 
scribed  as  before  by  £  and  £,  but  now  £  is  determined  by 
£=g(r)  by  continuity  of  ex  at  the  boundary  y  —  r.  The  pa¬ 
rameters  that  minimize  the  energy  are 


3rz 


C  44+  12  C\\ 


(18) 


r2~j  3(r2  +  2  log  d) 

2(c  i  j  C12)  C44+I2C11 


£= 


1 


cn  c\2 


r  S' 


(20) 


Note  that  p  vanishes  when  the  core  collapses.  Also  note  that 
£  is  an  expansion  along  z  when  r=  1  and  a  contraction  when 
r=0.  With  these  parameters,  Eq.  (17)  becomes 


g(y)  = 


-61og-  + 


C  44+  12c  1 1 


1 

2(cn  ~cn) 


X 


(21) 


The  field  dependence  of  the  magnetization  is  found  para¬ 
metrically  from 


M  =  Msr 2 


(22) 


and 


H = 4  it  DM  sr  +  C7r  -  —  +  3 


2(ch-c12) 

C  44+  12c  n 


X  (log  r2  +  1 )  —  r2,  +  —  j  7/mel , 


(23) 


where  Hmel  is  defined  in  Eq.  (12).  The  first  term  is  the  de¬ 
magnetizing  field  for  demagnetizing  factor  D.  The  coeffi¬ 
cient  for  the  effective  field  from  the  current  is  C7 
=  Id/ (4  yfirc).  The  coefficient  for  the  effective  field  from  the 
wall  energy  is  Ca=  ~(4am~2Vlano)/(dMs)  or 
Ca=  0.9<t100/(c?M5)  for  wall  energies  per  unit  area 
°‘iio=v^<Jioo-  The  wall  energy  restricts  the  complete  col¬ 
lapse  of  the  core  at  low  fields,  elsewhere  it  has  negligible 
effects. 

Equations  (22)  and  (23)  account  for  the  dc  magnetic  re¬ 
sponse  of  the  iron  whisker  with  fields  and  currents  along  the 
z  axis.  Note  the  richness  of  the  phenomenology  with  its  de¬ 
pendence  on  r2,  r,  log  r,  and  1/r,  e.g.,  see  Fig.  2(c).  The  full 
treatment  of  the  ac  susceptibility,  to  be  published  elsewhere, 
takes  into  account  the  effects  of  eddy  currents  and  the  influ¬ 
ence  of  finite  amplitude  of  the  ac  driving  field  at  the  critical 
fields.  Agreement  with  experiment  is  excellent,  accounting 
for  the  spectacular  properties  that  accompany  the  existence 
of  a  critical  point,  with  a  critical  field  and  a  critical  current. 
At  the  critical  point  the  external  dc  susceptibility  is  infinite, 
continuous,  and  reversible. 

The  author  thanks  Dr.  Alex  Hubert  for  convincing  him 
that  the  simple  pedagogical  argument  was  not  sufficient. 
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High  frequency  (1-1200  MHz)  magnetoimpedance  in  CoFeSiB  amorphous 
wires  (abstract) 

V.  P.  Paramonov,  A.  S.  Antonov,  and  A.  N.  Lagarikov 

Scientific  Association  IVTAN,  Russian  Academy  of  Science,  Moscow  127412,  Russia 

L.  V.  Panina  and  K.  Mohri 

Department  of  Electrical  Engineering,  Nagoya  University,  Nagoya  464,  Japan 

Magnetoimpedance  (MI)  in  Co-based  amorphous  alloys  has  been  shown  to  be  a  very  sensitive, 
quick-response  new  method  for  measurements  of  magnetic  fields.  At  present,  the  experimental 
results  on  MI  in  amorphous  wires  are  obtained  for  frequencies  /<  200  MHz.  For  quick-response 
magnetic  heads  used  in  high  density  magnetic  recording,  the  carrier  current  frequency  of  the  MI 
element  is  needed  to  be  increased  up  to  1  GHz  to  detect  recorded  signals  of  50-100  MHz.  Here  we 
present  the  experimental  data  on  MI  in  CoFeSiB  amorphous  wires  for  a  broad  waveband  of  1-1200 
MHz.  The  experimental  technique  is  based  on  the  measurement  of  the  complex  reflection  coefficient 
from  a  coaxial  waveguide  having  an  amorphous  wire  as  an  internal  conductor.  This  method  avoids 
the  radiation  effects,  inevitable  at  high  frequencies,  />  100  MHz,  in  simpler  techniques  utilizing  an 
oscilloscope  or  an  impedance  analyzer  with  a  lead  wire.  From  the  data  on  reflection  coefficient,  the 
real  and  imaginary  parts  of  the  wire  impedance  Z  and  permeability  pt  are  found  as  functions  of  a 
frequency  and  an  external  longitudinal  field.  The  impedance  versus  field  behavior  changes  with 
increasing  the  frequency.  For/<l  MHz  the  absolute  value  of  the  impedance  |Z|  decreases  with 
increasing  the  field.  As  the  frequency  is  increased,  a  maximum  appears  in  the  impedance-field 
dependence.  In  the  case  of  high  frequencies,  />800  MHz,  |Z|  increases  with  the  field.  For  all 
frequencies,  a  higher  sensitivity  is  seen  in  small  fields  less  than  2  Oe.  The  sensitivity  has  a  maximum 
of  about  100%/Oe  at  the  frequency  of  600  MHz,  and  it  is  still  very  high  (~20%/Oe)  up  to  /~  1 
GHz.  These  results  are  in  satisfactory  agreement  with  the  theoretical  ones  based  on  the  skin  effect 
in  a  magnetic  wire  with  a  tensor  rotational  permeability.  ©  1996  American  Institute  of  Physics. 
[S0021-8979(96)62608-8] 
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Enhancement  of  magnetoresistance  in  Co(1 100)/Cr(211)  bilayered  films 
on  MgO(IIO) 

Y.  D.  Yaoa)  and  Y.  Liou 

Institute  of  Physics,  Academia  Sinica,  Taipei  115,  Taiwan,  Republic  of  China 

J.  C.  A.  Huang 

Department  of  Physics,  National  Cheng  Kung  University,  Tainan  701,  Taiwan,  Republic  of  China 

S.  Y.  Liao,  I.  Klik,  W.  T.  Yang,  C.  P.  Chang,  and  C.  K.  Lo 

Institute  of  Physics,  Academia,  Sinica,  Taipei  115,  Taiwan,  Republic  of  China 

Epitaxial  Co/Cr  bilayered  films  have  been  successfully  grown  on  the  MgO(lOO)  and  MgO(llO) 
substrates  by  molecular-beam  epitaxy.  According  to  the  reflection  high-energy  electron-diffraction 
and  x-ray-diffraction  measurements  the  crystal  structure  of  the  film  depends  on  orientation  of  the 
buffer  and  substrate.  Epitaxial  growth  of  biaxial  Co(1120)/Cr(100)  on  MgO(lOO)  substrate  and  of 
uniaxial  Co(ll00)/Cr(211)  on  MgO(llO)  substrate  has  been  confirmed.  The  anisotropy 
magnetoresistance  (AMR)  is  strongly  influenced  by  the  orientation  of  the  Cr  buffer.  In 
Co(1120)/Cr(100)  on  MgO(lOO)  AMR  is  isotropic  for  all  in-plane  fields.  However,  for 
Co(ll00)/Cr(211)  on  MgO(llO)  we- observed  enhancement  of  AMR  along  the  easy  axis  for 
temperatures  below  150  K,  while  along  the  hard  axis  AMR  has  a  local  maximum  at  about  150  K. 

The  easy  axis  data  suggest  that  the  longitudinal  spin  density  wave  of  Cr  and  the  crystal  anisotropy 
of  Co  on  Cr(211)  plane  dominate  the  enhancement  of  the  AMR.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)57808-l] 


In  previous  studies  of  the  Co/Cr  multilayer  system1-3  its 
magnetoresistance  (MR)  was  shown  to  be  quite  small  in 
comparison  with  other  giant  MR  (GMR)  multilayer 
systems.4  Recently  it  was  realized5,6  that  the  magnetic  prop¬ 
erties  of  the  Co/Cr  multilayer  system  are  sensitive  to  anisot¬ 
ropy  and  to  the  orientation  of  the  applied  magnetic  field  with 
respect  to  crystallographic  axes  and  MR  as  high  as  18%  as 
has  been  observed  in  the  Co/Cr(211)  superlattice  system. 
However,  the  mechanism  of  this  effect  is  presently  not  clear 
and  this  motivated  us  to  investigate  the  simpler  case  of  an¬ 
isotropy  of  MR  (AMR)  in  the  epitaxial  bilayered  Co/Cr  film 
system. 

Epitaxial  Co/Cr  bilayer  films  have  been  simultaneously 
prepared  on  MgO(llO)  and  MgO(lOO)  substrates  by  using  an 
Eiko  EL-10A  molecular-beam-epitaxy  (MBE)  system  with 
base  pressure  of  2X10” 10  Torr.  To  enable  the  growth  of 
high-quality  film  samples,  polished  and  epitaxial  grade 
MgO(llO)  and  MgO(lOO)  substrates  were  chemically  pre¬ 
cleaned  and  rinsed  in  an  ultrasonic  cleaner.  They  were  then 
outgassed  at  900-1000  °C  for  at  least  0.5  h  under  ultrahigh 
vacuum  in  the  MBE  chamber.  High-purity  Co  and  Cr  ele¬ 
ments  (>99.99%)  were  evaporated  from  two  independent 
e-beam  evaporators.  During  deposition  of  the  films,  the  sub¬ 
strate  temperature  was  kept  between  300  and  350  °C,  the 
growth  pressure  was  controlled  at  below  5X  10  9  Torr,  and 
the  deposition  rate  kept  at  ~0.1  A/s.  The  film  thickness  and 
deposition  rate  were  measured  by  a  quartz-crystal  thickness 
monitor.  The  crystallographic  structure  of  the  surface  of  the 
films  was  in  situ  examined  throughout  the  growth  by  15  keV 
reflection  high-energy  electron  diffraction  (RHEED).  The 
crystal  orientation  was  ex  situ  characterized  by  x-ray  diffrac- 


a)Also  with:  Department  of  Physics,  National  Chung  Cheng  University,  Chi- 
ayi  621,  Taiwan,  Republic  of  China. 


tion  (XRD).  The  magnetic  properties  of  all  samples  were 
studied  using  a  superconducting  quantum  interference  device 
(SQUID)  magnetometer.  The  AMR  measurements  were  car¬ 
ried  out  by  standard  four-probe  technique  in  a  magnetic  field 
up  to  5  T  at  temperatures  ranging  between  10  and  300  K. 
Typical  area  of  the  film  sample  was  roughly  1. 5X6.0  mm2. 

The  structure  arrangement  of  both  Co  and  Cr  layers  in 
the  Co/Cr  bilayered  films  is  considerably  affected  by  the 
choice  of  the  interface  direction  of  the  MgO  substrate.  In  this 
study,  the  epitaxial  Co/Cr  bilayer  films  were  simultaneously 
grown  on  MgO(lOO)  and  on  MgO(llO)  substrates.  Their 
crystalline  orientation  and  quality  were  determined  by 
RHEED  and  XRD.  Figures  1(a)  and  1(b)  show  schematic 
diagrams  of  the  3D  geometry  of  the  Co(lT00)/ 
Cr (2 1 0)/MgO(  1 1 0)  and  Co(1120)/Cr(100)/Mg0(100)  bilayer 
films.  These  epitaxial  relationships  were  also  confirmed  by 
both  RHEED  and  XRD  studies.  Part  of  the  structural  analy¬ 
sis  related  to  the  Co/Cr  superlattice  films  will  be  published 
elsewhere,5,6  in  this  study  only  the  bilayer  case  is  discussed. 
In  Fig.  1(a)  the  lattices  of  the  Co  and  Cr  layers  appear  to  be 
rectangular,  in  acccordance  with  the  4.21X2.98  A2  unit  cell 
of  the  MgO(llO)  surface.  The  unit  cell  of  Co(1100),  4.07 
X2.51  A2,  matches  perfectly  that  of  Cr(211),  4.07X2.50  A2, 
and  even  though  the  match  between  Cr(211)  and  MgO(llO) 
is  poorer,  we  did  experimentally  observe  a  twofold  symmetry 
for  the  whole  system  and  confirmed  that  the  c  axis  of  Co  is 
in  the  film  plane  and  in  the  Cr[0ll]  direction  only.  On  the 
other  hand,  for  the  Co(1120)/Cr(100)/Mg0(100)  system,  be¬ 
cause  the  bcc  Cr(100)  plane  has  fourfold  symmetry  with  unit 
cell  of  2.88X2.88  A2,  the  hep  Co(1120)  plane  possesses 
only  pseudotwofold  symmetry  with  unit  cell  of 
4.34X4.07 A2.  This  suggests  that  the  Co(  1 120)  layers  behave 
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FIG.  1.  Schematic  diagram  of  the  3D  geometry,  unit  cell  (indicated  by  bold 
lines),  and  epitaxia]_  relationships  for  (a)  Co(l  100)/Cr(211)/MgO(110) 
films,  and  (b)  Co(1120)/Cr(100)/Mg0(100)  films. 


like  a  bicrystalline  structure;  i.e.,  that  the  Co[0001]  easy  axis 
can  either  be  parallel  to  MgO[001]  or  to  MgO[010]  as  shown 
in  Fig.  1(b). 

The  thickness  of  the  Co  layer  for  all  the  samples  in  this 
study  is  fixed  at  200  A  and  the  thickness  of  the  Cr  layer  is 


-2 


-i  o  1 

H  (kOe) 
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FIG.  2.  (a)  The  magnetization  M  and  (b)  and  (c)  the  surface  resistivity  for 
Co20o  A(H00)/Cr6  ^(211)/MgO(110)  films  at  T=  10  K  as  functions  of  mag¬ 
netic  field  applied  parallel  to  the  film  surface. 


varied  between  6  and  100  A.  As  an  example,  Fig.  2  shows 
the  magnetic  hysteresis  loops  and  the  corresponding  surface 
resistivity  of  the  Co2oo  A(  1 100)/Cr6  a(21  l)/MgO(  1 10) 
sample  at  10  K  for  field  applied  parallel  to  the  film  surface. 
For  H  parallel  to  the  easy  axis  of  the  Co  layers  a  square 
M-H  hysteresis  loop  and  small  variation  of  resistivity  have 
been  observed.  We  interpret  the  magnetization  reversal  pro¬ 
cess  as  being  mainly  due  to  domain- wall  motion.  On  the 
other  hand,  for  H  applied  parallel  to  the  hard  axis  of  Co 
layers  the  magnetization  varies  slowly  with  increasing  H 
while  electric  resistivity  decreases  very  fast  below  roughly 
H=  IT  and  saturates  then  at  H>  1  T.  The  (very  small)  val¬ 
ues  of  coercivity  deduced  from  the  M-H  loop  are  consistent 
with  the  peak  positions  on  the  resistivity  curve. 

In  Fig.  3  we  plot  the  magnetization  M  and  surface  resis¬ 
tivity  as  functions  of  applied  field  H  for  a 
Co200  A(H20)/Cr6  A(100)/MgO(100)  sample  at  10  K.  Ac¬ 
cording  to  our  structure  analysis  above,  the  easy  and  hard 
axes  of  the  Co  layers  are  randomly  distributed  in  both 
MgO[001]  and  MgO[010]  directions.  The  M-H  curves  for 
H  applied  parallel  or  perpendicular  to  the  long  axis  of  the 
sample  are  roughly  the  same,  apart  from  a  difference  due 
(presumably)  to  demagnetization  factors  [see  the  geometry 
of  Fig.  1(b)].  The  coercive  force  obtained  from  the  M-H 
curves  coincides  with  the  location  of  a  minimum  (maximum) 
of  the  resistivity  with  current  parallel  (perpendicular)  to  the 
applied  field. 

The  temperature  dependence  of  the  AMR  of  the  satura¬ 
tion  magnetization  Ms  and  of  the  coercive  force  Hc  between 
10  and  300  K  for  both  Co20q  A^r6  A/MgO(110)  and 
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FIG.  3.  (a)  The  magnetization  M  and  (b)  and  (c)  the  surface  resistivity  for 
Co20o  A(H20)/Cr6  A(100)/Mg0(100)  films  at  T=  10  K  as  functions  of  mag¬ 
netic  field  applied  parallel  to  the  film  surface. 


Co20o  A/Cr6  A/MgO(100)  are  presented  in  Fig.  4.  For 
samples  of  Co2oo  A/Cr6  ^/MgCKllO)  with  their  long  axis 
parallel  to  the  easy  axis  of  Co,  i.e.,  in  the  direction  of 
Co[0001]  as  shown  in  Fig.  1(a),  we  observed  a  significant 
enhancement  of  AMR  for  temperatures  roughly  below  150  K 
[A  in  Fig.  4(a)]  while  AMR  [T  in  Fig.  4(a)]  decreases  with 
decreasing  temperature  below  roughly  150  K  for  samples 
with  long  axis  parallel  to  the  hard  axis  of  Co,  i.e.,  in  the 
direction  of  Co[1120]  as  shown  in  Fig.  1(a).  Our  data  points 
between  100  and  150  K  are  not  sufficiently  dense,  however, 
this  characteristic  temperature  Tf  ( — 150  K)  may  be  very 
close  to  the  spin-flip  temperature  Tsf-  123  K  of  Cr  and  we 
conjecture  that  magnetization  reversal  in  these  samples  may 
be  explained  by  a  mechanism  similar  to  that  reported  for  the 
Fe/Cr  system.7  By  contrast,  in  Co20o  A/Cr6  A/Mg°(100) 
samples  the  AMR  as  shown  in  Fig.  4(a)  is  almost  indepen¬ 
dent  of  temperature.  The  saturation  magnetization  Ms  and 
the  coercive  force  Hc  as  functions  of  temperature  between  10 
and  300  K  are  plotted  in  Figs.  4(b)  and  4(c),  respectively. 
Both  the  Ms  vs  T  and  the  Hc  vs  T  curves  completely  coin¬ 
cide  for  the  Co(  1 120)/Cr(100)/Mg0(100)  samples;  however, 
a  slight  shift  in  these  data,  perhaps  again  explainable  by  the 
presence  of  demagnetizing  fields,  exists  in  the  observed  val¬ 
ues  for  the  Co(  1  TOO) /Cr(2 1 1  )/MgO (110)  samples.  All  Hc  vs 
T  curves  show  a  marked  change  in  their  slope  at  approxi¬ 
mately  150  K. 


FIG.  4.  (a)  The  AMR,  (b)  the  saturation  magnetization,  and  (c)  the  coercive 
force  as  functions  of  the  temperature  between  10  and  300  K  for  (L:  long  side 
of  film):  (A)  Co200  A/Cr6  A/MgO(110)  with  III  easy  axis  of  Co  surface;^) 
Co200  A/Cr6  A/MgO(110)  with  III  hard  axis  of  Co  surface;  (A)  Co200  k! 
Cr6  A/MgO(110)  with  LIIMgO[001]  direction;  and  (V)  Co200  A/Cr6A/ 
MgO(llO)  with  III  MgO[010]  direction. 


In  conclusion,  this  is  the  first  time  that  AMR  enhance¬ 
ment  roughly  below  the  spin-flip  temperature  was  observed 
in  epitaxial  Co(ll00)/Cr(211)  bilayered  films  on  MgO(llO), 
with  current  in  the  Co[0001]  direction. 
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Magnetic  and  electrical  properties  of  CoFeSiB:0  thin  films  near  the 
percolation  threshold 

R.  Banerjee,  A.  P.  Valanju,  G.  Choe,a)  and  R.  M.  Walserb) 
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Nanocomposite  thin  films  with  coexisting  magnetic  metal  and  magnetic  nonmetal  amorphous 
phases  were  synthesized  by  reactively  sputtering  CoFeSiB:©  thin  films  with  a  large  silicon  (15 
at.%),  and  varying  oxygen  concentrations.  The  microstructure,  magnetization,  and  hysteresis  loops 
were  measured  for  films  with  resistivities  near  the  metal-nonmetal  transition.  These  data  revealed 
that,  below  the  metal-nonmetal  transition,  conductive  transport  was  along  the  soft  magnetic, 
metallic  backbone  of  the  percolation  network;  the  nonmetal  phase  was  a  discontinuous,  randomly 
distributed,  hard  magnetic  oxide.  The  metallic  resistivity  and  exchange  anisotropy  were  both 
maximized  in  a  nanocomposite  with  a  resistivity  at  the  metal-nonmetal  transition.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)57908-0] 


I.  INTRODUCTION 

It  is  surprising  that  the  metallic  resistivities  of  sputtered, 
heteroamorphous  magnetic  thin  films  can  be  increased  by 
more  than  one  magnitude  by  sputtering  in  reactive  gases.1,2 
As  the  percolation  threshold  is  approached  from  the  metallic 
side,  the  resistivity  of  these  metal-nonmetal  nanocomposites 
is  determined  primarily  by  electrical  transport  along  the 
backbone  of  the  continuous  metallic  network,  formed  in  the 
growing  film  by  complex  reactive  processes.  It  is  of  scien¬ 
tific  and  technological  interest  to  understand  these  processes 
that  permit  independent  manipulation  for  the  magnetic  and 
electrical  properties  of  these  nanocomposites. 

Previous  studies2-5  concentrated  on  obtaining  magneti¬ 
cally  soft  nanocomposite  films  with  a  maximum  resistivity. 
To  achieve  this  goal,  the  reactive  gas  species  (O,  F,  or  N) 
must  preferentially  bond  with  the  metalloid  (Al,  B,  or  Si)  in 
the  film,  form  a  nonmagnetic,  insulating  complex  (e.g., 
B203),  and  segregate  from  the  metallic  backbone  of  the  Co- 
or  Fe-rich  percolation  network.  In  addition  to  technologically 
important  soft  magnetism,2  giant  magnetoresistance  tunnel¬ 
ing  has  been  observed  in  these  magnetic-metal- 
nonmagnetic-nonmetal  nanocomposites.6 

Additional  interesting  behavior  could  be  expected  from 
reactively  sputtered  magnetic-metal-magnetic-nonmetal 
nanocomposites.  The  reactive  gas  must  now  substitutionally 
bond  in  the  film  to  form  a  stable  nonmetallic  magnetic  phase. 
In  a  previous  study7  we  demonstrated  that  this  type  of  nano¬ 
composite  could  be  produced  by  reactively  sputtering  amor¬ 
phous  CoFeSiB  alloy  thin  films  in  oxygen.  A  stable,  mag¬ 
netic,  nonmetal  phase  was  formed  in  CoFeSiB:0  alloy  films 
with  sufficiently  large  silicon  concentrations.  The  interaction 
of  the  two  magnetic  phases  in  the  nanocomposite  gave  rise  to 
an  exchange  anisotropy  in  the  magnetic  hysteresis  which  di¬ 
rectly  confirmed  their  existence.  The  present  study  was  con¬ 
ducted  to  determine  the  relative  concentrations  of  incorpo¬ 
rated  oxygen  that  produce  maxima  in  the  low-field 
unidirectional  hysteresis  and  metallic  resistance  of  these 
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nanocomposites,  and  to  systematically  characterize  their 
magnetic  and  electrical  transport  properties. 

II.  EXPERIMENT 

CoFeSiB  :0  films  were  deposited  onto  glass  substrates 
by  oxygen  reactive  sputtering  from  a  Co70  5Fe4  5Si15B10  alloy 
target  in  a  rf  magnetron  sputtering  system.  A  partial  pressure 
controller  on  a  residual  gas  analyzer  was  used  to  vary,  and 
feedback  control,  the  partial  pressure  of  reactive  oxygen  in 
the  argon  sputtering  gas.  The  background  pressure  in  the 
deposition  chamber  prior  to  introducing  argon  and  oxygen 
gases  was  5X10”7  Torr.  The  sputtering  argon  pressure  was 
fixed  at  7  mTorr,  while  the  oxygen  to  argon  pressure  ratio 
was  varied.  The  sputter  input  power  was  set  at  800  W  and  all 
the  depositions  were  made  in  the  static  mode.  The  film  thick¬ 
nesses  in  the  800-900  A  range  were  measured  using  a  sur¬ 
face  profilometer.  The  film  structure  and  magnetic  and  elec¬ 
trical  properties  were  studied,  respectively,  with  transmission 
electron  microscopy  (TEM/TED),  a  B~H  hysteresisgraph 
and  vibrating  sample  magnetometer  (VSM),  and  a  four-point 
resistivity  probe.  The  low-temperature  resistivity  measure¬ 
ments  were  performed  using  an  ac  four-point-probe  setup 
with  the  sample  placed  on  a  refrigerator  cold  stage. 

III.  RESULTS  AND  DISCUSSION 

The  variations  of  saturation  magnetization  Ai tMs,  rema- 
nence  ArrMr,  and  resistivity  p  of  the  CoFeSiB:0  thin  films 
are  plotted  in  Fig.  1  as  a  function  of  the  02:Ar  flow  ratio. 
The  oxygen  incorporated  in  the  film  was  not  determined,  but 
can  be  crudely  calibrated  by  noting  that  the  —8%  02:Ar  flow 
ratio  measured  at  the  onset  of  tunneling  (not  shown  in  Fig. 
1),  would,  on  the  basis  of  previous  research,2  correspond  to  a 
minimum  of  —20  at.%  oxygen.  The  incorporated  oxygen  is 
not  expected,  however,  to  vary  linearly  with  the  flow  ratio. 
The  metallic  region  of  flow  ratio  was  determined  from  the 
temperature  coefficients  of  the  film  resistivities  measured  in 
the  77-300  K  temperature  range.  Figure  2  plots  the  frac¬ 
tional  changes  in  resistivity  measured  for  CoFeSiB  :0  films 
sputtered  with  02:Ar  flow  ratios  of  1.4%,  3.5%,  and  7%.  The 
resistivities  of  each  film  were  normalized  to  their  values  at 
300  K  and  extrapolated  to  7>300  K.  A  negative  temperature 
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FIG.  1.  Variation  of  4tt -Ms  ,  4 irMr ,  and  p  (pH  cm)  for  CoFeSiB:0  thin  films 
deposited  at  varying  02  :Ar  flow  ratios. 


coefficient  likely  indicates  that  the  conduction  was  domi¬ 
nated  by  thermally  assisted  tunneling;  a  positive  coefficient 
was  taken  to  indicate  the  dominance  of  metallic  conduction. 
At  300  K,  a  crossover  from  metal  to  nonmetal  conduction 
occurred  at  a  critical  flow  ratio  of  3.5%,  for  which  a  maxi¬ 
mum  unidirectional  exchange  shift  had  been  observed 
previously.7 

When  the  flow  ratio  increased  above  that  at  the  metal - 
nonmetal  crossover,  the  resistivity  slope  was  much  smaller 
than  observed  in  granular  films  produced  by  cosputtering 
relatively  immiscible  metal/nonmetal  materials.8  This  behav¬ 
ior  indicates  that  the  morphology  of  the  metallic  backbone 
has  a  large  interfacial  contact  with  the  nonmetal  phase.  This 
morphology  could  support  a  large  number  of  thin  tunnel 
junctions  and  broaden  the  metal -nonmetal  transition.9 

With  increasing  02  content,  47 tMs  decreased  as  the  vol¬ 
ume  fraction  of  the  oxidized  nonmetallic  regions  grew  at  the 
expense  of  the  metallic  regions.  With  increasing  flow  ratio, 
47 tMs  decreased  by  less  than  20%  throughout  the  metallic 
region,  but  the  magnetic  remanence  vanished  for  flow  ratios 
>4%.  These  changes  confirmed  that,  in  the  metallic  region, 
the  incorporated  oxygen  substitutionally  bonded  to  form  a 
random,  magnetically  harder  phase  in  which  the  total  mag¬ 
netic  moment  was  nearly  conserved. 

Figure  3  shows  the  in-plane  B-H  hysteresis  loop  of  an 
857-A-thick  critically  percolated  film,  deposited  with  the 


FIG.  2.  Variation  of  resistivity  with  temperature  (77-300  K)  for  CoFeSiB:0 
thin  films  deposited  at  1.4%,  3.5%,  and  7%  02:Ar  flow  ratio. 


FIG.  3.  B-H  loop  of  857  A  CoFeSiB:0  thin  film.  Inset  shows  low-field 
B-H  loop. 


3.5%  flow  ratio  that  corresponds  to  the  transition  from  metal 
to  nonmetal  behavior.  The  inset  clearly  shows  the  ~9  Oe 
exchange  shift  in  the  low-field  loop.  The  remanence  of  the 
soft  magnetic  phase  was  less  than  10%  of  4ttMs  .  A  dc  field 
of  more  than  1  kOe  was  required  to  saturate  the  random, 
magnetically  hard  phase. 

As  shown  in  Fig.  4,  the  CoFeSiB  film  sputtered  without 
oxygen  had  a  well-defined  uniaxial  anisotropy  (Hk= 40  Oe) 
with  coercivity  Hc  of  6  Oe.  Annealing  in  a  rotating  field  at 
350  °C  reduced  the  anisotropy  to  28  Oe.10  Figure  4  also 
shows  that  Hc  of  the  low-field  hysteresis  (associated  with  the 
soft  magnetic  metal  phase)  initially  increased,  then  decreased 
with  the  concentration  of  incorporated  oxygen.  These  low- 
field  hysteresis  loops  were  observed  only  after  the  film  was 
first  saturated  by  a  1  kOe  in-plane  dc  field.  The  variation  of 
Hc  with  flow  ratio  (Fig.  5)  shows  that  a  maximum  Hc  oc¬ 
curred  for  a  1.5%  flow  ratio;  the  minimum  flow  ratio  for 
which  an  exchange  anisotropy  was  observed  in  the 
CoFeSiB:0  films.7  Hc  then  decreased  to  a  minimum  of  ~16 
Oe  for  the  3.5%  flow  ratio  at  the  metal  to  nonmetal  transi¬ 
tion.  Only  small  changes  in  Hc  were  observed  for  films  with 
nonmetal  conduction. 


H  (Oe) 

FIG.  4.  Low-field  B-H  loops  of  CoFeSiB:0  thin  films  deposited  with  vary¬ 
ing  02:Ar  flow  ratio  (flow  ratios  indicated  in  legend).  These  low-field  B-H 
loops  were  measured  after  applying  1  kOe  in-plane  dc  field. 
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FIG.  5.  Variation  of  coercivity  for  800  A  CoFeSiB:0  thin  films  deposited  at 
different  02:Ar  flow  ratios.  The  solid  line  is  a  guide  to  the  eye. 


IV.  SUMMARY  AND  CONCLUSIONS 

The  observation  of  exchange-shifted,  low-field  hyster¬ 
esis  loops  revealed  the  presence  of  two  magnetic  phases  in 
reactively  sputtered  CoFeSiBrO  films.  From  the  temperature 
coefficients  of  the  film  resistivities  measured  in  this  study  it 
was  shown  that,  in  the  range  where  the  exchange  anisotropy 
was  observed,  the  film  nanocomposite  consists  of  a  continu¬ 
ous  metallic  backbone  in  the  percolation  network.  From  the 
changes  in  the  47 tMs,  47 rMn  and  p  of  these  films,  produced 
by  varying  the  oxygen  flow  ratio,  the  metallic  backbone  was 
determined  to  be  the  softer  of  the  two  magnetic  phases.  This 
phase  exhibited  a  low-field,  in-plane,  uniaxial  anisotropy. 
The  harder  magnetic  phase  was  determined  to  be  a  discon¬ 
tinuous,  randomly  distributed,  nonmetallic,  magnetic  oxide. 
The  nature  of  the  oxygen  bonding  in  this  phase  approxi¬ 
mately  conserved  the  metallic  magnetic  moments.  Applied 
magnetic  fields  of  several  kOe  were  required  to  saturate  this 
phase. 

The  results  also  showed  that  the  exchange  anisotropy 
was  a  maximum  when  the  incorporated  oxygen  concentra¬ 
tion  produced  the  maximum  metallic  resistivity.  The  increase 
in  the  Hc  of  the  soft  metallic  phase  with  small  oxygen  con¬ 


centrations  was  arrested  with  the  initiation  of  the  exchange 
interaction  between  the  two  phases  that  was  responsible  for 
the  low-field  unidirectional  hysteresis  observed  for  flow  ra¬ 
tios  of  approximately  \%-l%?  Hc  subsequently  decreased 
as  the  exchange  anisotropy  increased,  and  was  a  minimum  at 
the  metal-nonmetal  transition.  It  is  reasonable  to  assume  that 
the  interfacial  surface  area  is  a  maximum  at  the  metal- 
nonmetal  transition  and  maximizes  both  properties.  This  con¬ 
clusion  is  supported  by  the  gradual  nature  of  the  metal- 
nonmetal  transition  which  requires  a  similar  morphology. 

This  study,  and  those  of  other  investigators,1-7  indicates 
that  reactive  sputtering  of  amorphous  magnetic  thin  films  can 
be  used  to  synthesize  magnetic  nanocomposites  with  a  pre¬ 
scribed  compositional  heterogeneity  and  morphology.  These 
nanocomposites  are  expected  to  exhibit  a  variety  of  novel 
magnetic  and  electrical  properties. 
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The  total  impedance,  Z,  of  low  magnetostriction  wires  (Co0>94Fe0  06)72.5^15^12.5  was  measured  at 
100  kHz  under  ac  currents  of  various  amplitudes,  /,  for  as-cast  and  current  annealed  samples.  We 
show  that  curves  Z  vs  i  can  represent  circumferential  permeability  curves  and  that  the  features 
observed  on  these  curves  as  a  consequence  of  annealing  can  be  interpreted  due  to  the  induced 
magnetic  anisotropy  by  the  effect  of  the  current  annealing.  ©  1996  American  Institute  of  Physics. 
[S002 1-8979(96)80008-6] 


I.  INTRODUCTION 

Giant  magnetoimpendance  (GMI)  has  recently  been  of 
great  interest  because  of  its  many  potential  applications  in 
miniature  sensors  and  devices.1,2  GMI  has  been  observed  in 
materials  with  a  substantial  portion  of  circumferential  do¬ 
mains;  it  is  interesting,  from  a  basic  point  of  view,  to  eluci¬ 
date  magnetization  processes  in  such  magnetic  structures. 

GMI  can  be  defined  as  a  decrease  in  the  impedance  re¬ 
sponse  of  a  ferromagnetic  material,  submitted  to  an  ac  cur¬ 
rent,  when  a  dc  magnetic  field  is  applied.  It  is  now  clear  that 
the  impedance  response  of  a  magnetic  material  depends  es¬ 
sentially  on  the  interaction  between  its  circumferential  do¬ 
mains  and  the  circular  field  generated  by  the  ac  current.  At 
high  frequencies,  the  skin-depth  effect  plays  a  central  role  in 
GMI  by  affecting  the  cross  section  of  the  wire  where  the 
circular  field  is  concentrated.  When  the  dc  field  is  applied 
(especially  in  a  longitudinal  direction  with  respect  to  the  ma¬ 
terial),  a  rotational  component  appears  in  circumferential 
domains,1  leading  to  a  decrease  in  circular  permeability,  an 
associated  variation  in  penetration  depth,  and  therefore  to  a 
decrease  in  the  interaction.  If  the  dc  field  is  high  enough,  it 
can  suppress  the  circular  domains  and  lead  to  an  impedance 
response  as  small  as  that  of  a  nonmagnetic  material.  GMI  is 
a  classical  electrodynamics  phenomenon.3,4 

While  GMI  has  been  observed  in  a  wide  variety  of  ma7 
terials,  low,  negative  magnetostriction  wires  in  the  as-cast 
state  have  been  shown  to  meet  the  requirements  for  a  par¬ 
ticularly  strong  dependence  of  impedance  on  field.  Some  ef¬ 
forts  have  been  made4  to  improve  GMI  by  annealing  various 
materials  under  a  variety  of  techniques;  to  our  knowledge, 
however,  the  observed  changes  in  impedance  response  in  an¬ 
nealed  CoFeSiB  wires  have  not  been  fully  explained.  The 
aim  of  this  article  is  to  contribute  to  the  understanding  of 
changes  introduced  by  current  annealings  in  the  domain 
structure  of  the  wire  the  analyzing  their  impedance  response. 

II.  EXPERIMENTAL  TECHNIQUES 

Amorphous  wires  of  nominal  composition 
(Co0  94Fe0>06)72.5B  15Si  12<5,  prepared  by  in-water-rotation 
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technology,5  kindly  provided  by  Unitika  Ltd.  Japan,  were  cut 
in  pieces  of  10  cm.  Current- annealing  treatments  were  per¬ 
formed  by  submitting  the  wire  to  dc  currents  of  360,  400, 
and  425  mA  for  a  duration  of  30  min  in  air,  with  no  applied 
stress.  Complex  impedance  measurements  were  done  at  vari¬ 
ous  frequencies  with  a  Stanford  Research  Systems  SR  850 
lock-in  amplifier.  Current  and  voltage  leads  were  made  by 
pasting  copper  wires  with  Ag  paste.  A  high-quality  resistor 
was  connected  in  series  with  the  wire,  to  measure  the  current 
amplitude  flowing  through  the  wire  in  all  measurements.  The 
current  amplitude,  i,  was  varied  between  0.1  and  40  mA 
(rms).  The  impedance  was  also  measured  as  a  function  of 
axial  field,  Hz ,  which  was  produced  by  a  solenoid.  All  mea¬ 
surements  were  performed  with  the  wire  oriented  perpen¬ 
dicular  to  the  earth’s  magnetic  field. 

III.  EXPERIMENTAL  RESULTS 

The  dependence  of  total  impedance,  Z,  as  a  function  of 
axial  field,  Hz ,  at  /=  100  kHz  is  shown  in  Fig.  1  for  an 
as-cast  sample  as  well  as  for  a  sample  annealed  at  360  mA. 
The  measurements  were  made  at  various  values  of  ac  current 
amplitude,  i.  The  as-cast  sample  exhibits  the  well-known, 
decreasing  behavior  of  Z  as  Hz  increasingly  produces  a  ro¬ 
tational  component  on  spins  of  the  circular  domains.1,3,4  For 
the  current-annealed  sample,  an  impedance  maximum  ap- 


FIG.  1 .  Dependence  of  total  impedance  on  the  axial  dc  field,  for  the  as-cast 
sample,  and  the  sample  current  annealed  at  360  mA.  The  latter  is  also  shown 
for  several  amplitudes  of  the  ac  measuring  current. 
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FIG.  2.  Total  impedance  as  a  function  of  ac  current  amplitude  at  100  kHz, 
for  samples  current  annealed  under  various  current  values. 

pears  for  nonzero  axial  fields,  and  a  dependence  of  i  is  ex¬ 
hibited.  For  high  axial  fields,  all  curves  show  a  tendency  to 
merge  into  a  common  behavior.  As  we  have  shown 
elsewhere,6  the  current  amplitude,  i  (and  therefore  the  circu¬ 
lar  field  magnitude),  has  an  important  effect  on  the  Z  re¬ 
sponse. 

In  order  to  investigate  the  influence  of  the  circular  field, 
we  have  measured  Z  as  a  function  of  i  at  100  kHz,  for  all  the 
samples  (Fig.  2).  All  of  the  curves  show  a  maximum,  and 
except  for  the  as-cast  sample,  all  of  them  exhibit  a  propaga¬ 
tion  field,  i.e.,  a  field  necessary  to  initiate  domain  wall  un¬ 
pinning  and  displacement.  This  propagation  field  is  at  maxi¬ 
mum  for  the  sample  annealed  at  low  current  (360  mA),  and 
decreases  for  samples  treated  at  medium  (400  mA)  and  high 
(425  mA)  annealing  currents. 

IV.  DISCUSSION  AND  CONCLUSIONS 

In  order  to  draw  conclusions  from  these  measurements, 
it  is  important  to  establish  first  whether  the  total  impedance, 
Z,  can  be  associated  with  a  clear  physical  meaning.  Recently, 
an  approach  based  on  equivalent  circuits  (EC)  has  been 
proposed6  to  represent  the  impedance  response  of  low  mag¬ 
netostriction  wires.  According  to  this  approach,  wire  re¬ 
sponse  can  be  modeled  by  a  RSLS  series  circuit,  in  series  with 
a  RpLp  parallel  arrangement.  In  short,  Rs  represents  the 
wires  dc  resistance,  Ls  its  rotational  permeability,  Lp  the  wall 
permeability  of  circumferential  domains,  and  Rp  the  viscous 
damping  of  circumferential  walls.  The  EC  equations  for  the 
real,  X,  and  imaginary,  7,  components  of  impedance  are 
written  as 


X=Rs+RpL2p(02/(R2p  +  L2po>2), 

(1) 

Y  =  wLs  +  R2pLp(o/(R2p  +  L2pco2), 

(2) 

where  co  is  the  angular  frequency  (qj=2i r/).  While  the  se¬ 
ries  circuit  is  quite  insensitive  to  frequency,  the  parallel  ar¬ 
rangement  exhibits  a  relaxation  behavior  for  a  frequency  cox 
where 

C 0X=RP/LP .  (3) 

For  this  condition.  Eqs.  (1)  and  (2)  become,  respectively, 


i  rms  <mA) 


FIG.  3.  Real,  X,  imaginary,  y,  and  total,  Z,  impedance  measured  as  a  func¬ 
tion  of  ac  current  amplitude,  at  100  kHz,  for  the  as-cast  sample. 


X=Rs+(oxLp/ 2, 

(4) 

Y=(oxLs  +  (oxLpl2. 

(5) 

Since  Z=(X2  +  F2)172,  and  both  X  and  F  include  the  term 
0)xLpl2,  total  impedance  can  accurately  represent  the  varia¬ 
tions  in  circumferential  permeability.  At  frequencies  close  to 
the  relaxation  frequency,  total  impedance  measurements  can 
therefore  be  used  to  monitor  circumferential  wall  permeabil¬ 
ity. 

Such  a  relaxation  frequency  has  been  found  in  these 
wires  in  the  10-100  kHz  range6  for  the  as-cast  state.  A  con¬ 
firmation  of  this  approach  is  given  in  Fig.  3  for  the  as-cast 
sample,  where  X,  Y,  and  Z  are  measured  as  a  function  of  i. 
Except  for  a  constant  term  (note  the  difference  in  scales),  all 
of  the  curves  show  the  same  variations  as  a  function  of  the 
circular  field.  At  frequencies  far  from  the  domain  wall  relax¬ 
ation  frequency,  X  is  insensitive  to  circumferential  perme¬ 
ability. 

Variations  in  Z  at  measuring  frequencies  near  the  relax¬ 
ation  frequency  therefore  represent  the  variations  in  domain 
wall  permeability  of  circumferential  domains.  The  curves  in 
Fig.  2  effectively  exhibit  the  basic  features  of  wall  perme¬ 
ability  behavior  as  a  function  of  applied  field:  a  practically 
constant  range  of  low  fields  (the  initial  permeability  range), 
followed  by  a  strong  increase  (propagation  of  the  walls), 
passage  through  a  maximum  (maximum  permeability),  and 
finally,  a  hyperbolic  decrease  for  high  fields  (approach  to 
saturation).  By  comparing  the  curves,  we  can  say  that  the 
main  difference  between  them  is  the  propagation  field:  it  is 
extremely  small  for  the  as-quenched  sample,  increases  for 
the  360  mA  sample,  and  then  decreases  for  the  400  and  425 
mA  sample. 

In  order  to  explain  these  results,  we  assume  that  a  direc¬ 
tional  ordering  of  Co-Co  atom  pairs7  takes  place  during 
cooling  of  the  samples.  While  these  pairs  are  expected  to  be 
oriented  parallel  to  the  magnetization  direction  in  circumfer¬ 
ential  domains,  they  form  a  complex  arrangement  in  domain 
walls,  where  atom  pairs  tend  to  follow  the  spin  orientations. 
The  formation  of  such  ordering  results  in  an  additional  sta¬ 
bilization  energy  of  walls;  therefore,  an  additional  energy  has 
to  be  supplied  to  initiate  wall  propagation. 
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In  the  stationary  state,  annealing  currents  result  in  well- 
defined  average  temperatures  in  wires;  For  360,  400,  and  425 
mA  (leading  to  current  densities  of  29.3,  32.6,  and  34.6 
A/mm2,  respectively),  the  corresponding  temperatures8  are 
559,  590,  and  610  K,  respectively.  Crystallization  during  cur¬ 
rent  annealing  is  ruled  out  since  the  crystallization  tempera¬ 
ture  is  substantially  higher  (810  K). 

In  the  case  of  the  400  and  425  mA  annealings,  the  ob¬ 
served  domain  wall  pinning  seems  unrelated  to  the  annealing 
temperature  itself,  since  these  treatments  occur  at  tempera¬ 
tures  higher  than  the  Curie  point  for  this  alloy  (rc=568  K). 
The  low  current  annealing  takes  place  at  T<TC\  however, 
the  circular  field  produced  by  the  current  is  high  enough  to 
eliminate  the  domain  walls  and  saturate  the  wire.  The  do¬ 
main  wall  pinning  associated  with  directional  ordering  can 
therefore  occur  only  during  the  cooling  process,  as  the  wire 
cools  down  through  Tc  and  the  domain  structure  is  again 
formed.  No  large  differences  in  cooling  rate  can  be  expected 
among  the  various  annealings;  therefore,  the  increase  in  pin¬ 
ning  field  exhibited  for  the  low  annealing  temperature  could 
be  ascribed  to  the  formation  of  a  stronger  circular  anisotropy 
for  this  sample.  As  the  annealing  current  is  switched  off  and 
the  domain  structure  is  formed,  the  directional  ordering  cre¬ 
ated  on  domain  wall  sites  seems  to  become  stronger  as  the 


annealing  temperature  is  lower.  This  directional  ordering 
could  be  explained  in  terms  of  induced  anisotropy.7 

In  conclusion,  we  say  that  total  impedance  measure¬ 
ments  can  be  used  as  an  important  tool  in  GMI  investigation, 
and  that  for  the  particular  case  of  current-annealed  CoFeBSi 
wires,  directional  ordering  of  atom  pairs  can  explain  the  ob¬ 
served  features  in  impedance  response. 
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A  technique  to  observe  magnetization  dynamics  in  amorphous  wires  is  described.  When  an  ac 
current  passes  through  the  amorphous  wire,  voltages  induced  between  both  ends  of  the  wire  and  in 
a  pickup  coil  wound  around  the  wire  are  observed.  These  voltages  indicate  circumferential  and  axial 
components  of  magnetization  changes  in  the  wire,  respectively.  Observations  in  a  Co-rich  wire 
having  slightly  negative  magnetostriction  and  an  Fe-rich  wire  having  positive  magnetostriction 
under  various  bias  fields  showed  quite  different  wave  forms  which  indicate  their  domain 
structure.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)58008-7] 


I.  INTRODUCTION 

Amorphous  magnetic  wires  provide  attractive  features, 
including  the  magnetoelastic  wave1  and  the  magnetoimped¬ 
ance  effect.2  The  magnetoelastic  waves  in  magnetostrictive 
Fe-rich  amorphous  wires  are  detected  usually  by  a  pickup 
coil  wound  around  the  sample  wire.  Changes  of  the  axial 
component  of  the  magnetization  in  the  wire  induce  voltages 
in  the  pickup  coil. 

An  ac  voltage  is  also  induced  in  the  pickup  coil  when  an 
ac  current  passes  through  the  amorphous  wire.  Ogasawara3 
has  reported  this  phenomenon  as  “inverse-Matteucci  effect.” 
Tekemura  et  al4  showed  that  two  signals  can  be  transported 
individually  by  the  magnetoelastic  wave  and  the  ac  current 
passing  through  the  same  amorphous  wire. 

The  magnetoimpedance  effect  in  Co-rich  amorphous 
wires,  which  have  slightly  negative  magnetostriction,  has  at¬ 
tracted  much  interest  because  it  has  been  considered  to  be 
applicable  as  a  sensitive  method  to  measure  magnetic  field. 
Mohri  et  al.5  have  shown  that  the  magnetoimpedance  effect 
originates  from  the  electromotive  force  induced  between 
both  ends  of  the  wire  by  changes  of  the  circumferential  com¬ 
ponent  of  the  magnetization,  and  have  described  the  domain 
dynamics  of  the  wire  based  on  the  domain  structure  model  of 
the  negatively  magnetostrictive  amorphous  wire. 

In  the  present  article  we  discuss  magnetization  dynamics 
in  FeCoSiB  and  FeSiB  amorphous  wires.  In  order  to  observe 
the  magnetization  process,  axial  and  circumferential  compo¬ 
nents  of  the  magnetization  in  the  wire  are  simultaneously 
measured  by  observation  of  the  wave  forms  of  induced  volt¬ 
ages  in  the  pickup  coil  and  between  the  ends  of  the  sample 
wire,  respectively.6 

II.  EXPERIMENT 

The  experimental  arrangement  is  illustrated  in  Fig.  1.  An 
ac  current  iz ,  passing  through  the  sample  wire  causes  a  cir¬ 
cumferential  magnetic  field.  A  voltage  uc,  induced  in  a 
pickup  coil  (80  turns,  4.8  mm  length,  600  /mi  inner  diam¬ 
eter)  turned  around  the  sample  wire  is  proportional  to  the 
axial  component  of  magnetization  change  in  the  wire.  A  volt¬ 
age  vz ,  observed  between  both  ends  of  the  sample  wire  is 


considered  as  a  sum  of  the  ohmic  voltage  and  the  voltage 
induced  by  the  circumferential  component  of  the  magnetiza¬ 
tion  change  in  the  wire. 

Amplitude  and  frequency  of  the  ac  current  were  chosen 
as  12  mAp_p  (for  the  Co-rich  wire),  30  mAp_p  (for  the  Fe- 
rich  wire),  and  500  kHz,  respectively.  An  external  dc  bias 
field,  Hzb ,  was  applied  along  the  wire  axis  using  a  solenoidal 
coil. 

An  amorphous  Fe^Co^Si^B^  wire  having  slightly 
negative  magnetostriction  and  a  positively  magnetostrictive 
Fe77>5Si7i5B15  wire  (both  of  them  are  prepared  by  Unitika 
Ltd.,  Japan)  were  used  as  samples.  The  Co-rich  wire  was 
cold  drawn  to  its  diameter  dw= 30  jmm,  and  then  annealed  at 
475  °C  with  a  tension  of  40  kg/mm2.  The  Fe-rich  wire  was 
also  drawn  to  <7^=90  /mm  and  annealed  at  400  °C  with  no 
tension. 


III.  RESULTS  AND  DISCUSSION 

Waveforms  of  vz  and  vc  observed  in  the  Co-rich  amor¬ 
phous  wire  under  various  bias  fields  Hzb  are  shown  in  Figs. 
2(a)  and  2(b),  respectively.  These  wave  forms  are  shown  as 
Lissajous  figures,  and  abscissas  show  ac  current  iz . 

The  wave  forms  of  vz  are  similar  to  those  already 
reported:2,7  The  frequency  of  vz  agrees  with  that  of  iz ;  the 
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FIG.  4.  Wave  forms  of  (a)  vz  and  (b)  vc ,  observed  in  the  Fe775Si7  5BI5  wire 
under  various  values  of  Hzb  .  The  wave  forms  are  shown  as  Lissajous  fig¬ 
ures  and  abscissas  show  the  ac  current  through  the  wire  iz  (500  kHz,  30 
mAp„p). 


FIG.  2.  Wave  forms  of  (a)  voltages  between  both  ends  of  the  sample  wire 
vz  and  (b)  voltages  induced  in  the  pickup  coil  vc ,  observed  in  the  amor¬ 
phous  Fe43Co68  2Si,2,5B15  wire  under  various  values  of  the  bias  field  Hzb 
applied  to  the  axis  direction  of  the  wire.  The  wave  forms  are  shown  as 
Lissajous  figures  and  abscissas  show  the  ac  current  through  the  wire  iz  (500 
kHz,  12  mAp_p). 

amplitude  of  vz  is  markedly  influenced  by  Hzb  as  shown  in 
Fig.  3(a),  whereas  the  polarity  of  Hzb  does  not  affect  the 
wave  form  of  vz . 

Observation  of  vc  provides  interesting  information  of  the 
magnetization  dynamics  in  the  sample  wire: 

(1)  The  frequency  of  vc  is  double  of  that  of  iz  except  in  a 
range  of  Hzb  near  zero; 

(2)  the  polarity  of  vc  reverses  when  the  polarity  of  Hzb  re¬ 
verses; 

(3)  in  the  range  of  Hzb ,  ±4-  ±6  Oe,  steep  pulses  of  vc 
which  indicate  jumps  of  axial  component  of  magnetiza¬ 
tion  are  observed. 

A  domain  model  for  tension-annealed,  negatively  mag- 
netostrictive  amorphous  wires,  in  which  circumferential  an- 


FIG.  3.  Amplitude  of  (a)  vz  and  (b)  vc  observed  in  the  Co-rich  amorphous 
wire  as  functions  of  Hzb  . 


isotropy  is  postulated  in  the  whole  cross  section,  has  been 
proposed.2  The  above-mentioned  observation  seems  to  sup¬ 
port  the  proposed  model,  as  follows. 

(1)  During  the  bias  field  Hzb  is  zero,  magnetization  in 
the  wire  has  no  axial  component  regardless  of  the  circumfer¬ 
ential  field. 

(2)  When  a  small  Hzb  is  applied,  a  reversible  magneti¬ 
zation  rotation  occurs  and  the  axial  component  of  it  is  ob¬ 
served  as  vc . 

(3)  When  Hzb  exceeds  an  appropriate  value,  an  irrevers¬ 
ible  magnetization  process  takes  place.  Each  time  the  irre¬ 
versible  change  occurs,  axial  and  circumferential  compo¬ 
nents  of  the  magnetization  induce  steep  pulses  in  vc  and 
vz ,  respectively. 

(4)  When  Hzb  becomes  sufficiently  large,  the  magnetiza¬ 
tion  vector  is  restricted  to  the  axial  direction  and  vibrates 
with  a  small  amplitude; 

(5)  In  the  cases  of  (3)  and  (4),  the  magnetization  vector 
vibrates  across  the  axial  direction  where  the  axial  component 
of  the  magnetization  has  maximum  value.  Therefore,  the  fre¬ 
quency  of  vc  is  double  of  that  of  iz . 

Figures  4(a)  and  4(b)  show  wave  forms  of  vc  and  vz, 
respectively,  observed  in  the  Fe-rich  amorphous  wire.  Rela¬ 
tionships  of  these  wave  forms  and  Hzb  are  quite  different 
from  those  observed  in  the  Co-rich  wire: 

(1)  The  frequency  of  vc  and  vz  is  equal  to  that  of  the  ac 

current  regardless  of  Hzb  ; 

(2)  Hzb  dependence  of  vc  and  vz  has  a  hysteresis  and  their 

polarities  are  independent  of  the  polarity  of  Hzb  ; 

(3)  wave  forms  of  vc  and  vz  are  approximately  sinusoidal 

and  noticeable  jumps  of  magnetization  are  not  observed. 

In  Figs.  5  and  6,  phase  shift  from  the  ac  current  and 
amplitude  of  uc  and  vz  in  the  Fe-rich  wire  are  shown  as 
functions  of  Hzb.  Hzb  dependence  of  vc  and  vz  is  quite 
different  from  that  of  the  Co-rich  wire.  The  magnetization 
vector  in  the  Fe-rich  wire  is  most  movable  when  Hzb  is  near 
zero. 

As  shown  in  Fig.  5,  magnetoimpedance  effect  (about 
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FIG.  5.  Amplitude  and  phase  shift  of  vz  observed  in  the  Fe-rich  amorphous 
wire  as  functions  of  Hzh  . 

20%  amplitude  change)  is  observed.  Atkinson  et  als  have 
reported  magnetoimpedance  effect  in  the  Fe-rich  amorphous 
wire,  and  our  result  is  similar  to  theirs. 

Behavior  of  the  magnetization  in  Fe-rich  wire  and  its 
relationships  to  the  domain  model5  and  to  the  characteristics 
of  the  magnetoelastic  wave1  will  be  discussed  in  a  future 
study. 

IV.  CONCLUSION 

When  an  ac  current  passed  through  an  amorphous  wire, 
voltages  induced  between  both  ends  of  the  wire  and  in  a 
pickup  coil  wound  around  the  wire  were  observed  as  func¬ 
tions  of  bias  field  applied  to  the  axial  direction  of  the  wire. 
These  voltages  indicate  circumferential  and  axial  compo¬ 
nents  of  magnetization  change  in  the  sample  wire,  respec¬ 
tively. 

Observations  in  a  Co-rich  wire  having  slightly  negative 
magnetostriction  and  an  Fe-rich  wire  having  positive  magne¬ 
tostriction  showed  quite  different  wave  forms  which  indicate 
the  differences  between  their  domain  structures. 


FIG.  6.  Amplitude  and  phase  shift  of  vc  observed  in  the  Fe-rich  amorphous 
wire  as  functions  of  Hzb  . 

The  goal  of  our  study  is  to  clarify  the  domain  structures 
and  the  magnetization  dynamics  of  amorphous  wires.  Results 
obtained  in  the  present  study  show  that  the  proposed  method 
is  a  powerful  way  to  observe  two-dimensional  magnetization 
dynamics. 
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The  composition  and  temperature  dependence  of  electrical  resistivity  were  studied  for  a  series  of 
amorphous  (Co93Zr7)10o_xNdx  for  x<3A  and  for  a  temperature  range  between  77  and  300  K.  The 
films  were  deposited  by  rf  sputtering.  Measurements  of  electrical  resistivity  were  performed  by  the 
standard  four  probe  technique  with  ac  currents  of  10  mA.  The  rate  of  heating  and  cooling  was  1 
K/min.  The  electrical  resistivity  is  very  sensitive  to  the  presence  of  Nd  ions,  as  the  resistivity  clearly 
increases  with  a  very  slight  increase  of  Nd  content.  The  temperature  dependence  of  resistivity  does 
not  obey  the  T 2  law  predicted  by  the  diffraction  model  as  proposed  by  Meisel  and  Cote1  but  follows 
very  nicely  the  law  p(T)  ~aTm-bT+c,  a  result  also  found  for  amorphous  Gd-Co.  The  first  term 
corresponds  to  the  electron  scattering  from  the  magnetic  spin  and  the  second  term  to  the  electron 
scattering  from  the  disordered  configuration  of  atomic  potentials.  ©  1996  American  Institute  of 
Physics .  [S002 1-8979(96)62708-4] 
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By  longitudinal  magneto-optical  Kerr  effect  microscopy  we  analyzed  the  development  of  the 
domain  structure  in  Co70.4Fe4.6Si15B10  amorphous  ribbons  for  which  giant  magneto-impedance  had 
been  observed.  Using  transverse  and  longitudinal  magneto-optical  Kerr  effect  magnetometry  we 
measured  the  magnetization  direction  around  the  hysteresis  loop.  These  results  allowed  us  to  model 
the  domain  structure  of  the  sample  during  the  giant  magneto-impedance  measurements.  ©  1996 
American  Institute  of  Physics.  [S0021-8979(96)58 108-2] 


I.  INTRODUCTION 

Recently  some  authors  have  reported1,2  observations  of 
giant  magneto-  impedance  (GMI)  in  amorphous  ribbons  of 
composition  Co70.4Fe4.6Si  15B10.  Recent  literature3  explains 
GMI  in  amorphous  wires  in  terms  of  classical  electromagne¬ 
tism.  For  wires,  the  symmetry  of  the  samples  greatly  simpli¬ 
fies  the  theoretical  calculations,  but  makes  domain  observa¬ 
tions  very  difficult.  Thus  there  is  always  some  doubt  as  to 
whether  the  model  describes  the  actual  physical  situation.  On 
the  other  hand,  for  ribbons,  the  geometry  makes  the  theoreti¬ 
cal  modeling  somewhat  more  difficult,  but  greatly  simplifies 
domain  observations.  This  motivated  us  to  characterize  the 
development  of  the  domain  structure  of  amorphous  ribbons 
under  conditions  encountered  in  the  GMI  measurements.  In 
the  present  work  we  employed  variations  of  the  magneto¬ 
optic  Kerr  effect  (MOKE)  to  study  the  evolution  of  the  do¬ 
main  structure  and  magnetization  during  GMI  measure¬ 
ments. 


II.  EXPERIMENT 

Samples  of  composition  Co704Fe46Si15B10  were  pro¬ 
duced  by  a  single-roller  melt-spinning  technique.  For  the 
GMI  measurements,  they  were  field-annealed  in  vacuum  at 
300  °C  for  15  min  under  an  in-plane  magnetic  field  of  3  kOe, 
perpendicular  to  the  ribbon  axis.  For  the  magneto-optical 
(MO)  measurements,  the  ribbons  were  mechanically  pol¬ 
ished  using  1  ^m  diamond  paste  and  then  electrolytically 
polished  using  a  HCl/methanol  solution.  Finally,  they  were 
covered  with  a  33  nm  ZnS  antireflection  coating.  A  trans¬ 
verse  and  longitudinal  magneto-optical  Kerr  effect 
(TLMOKE)  magnetometer4,5  allowed  the  determination  of 
MO  signals  for  different  polarization  directions.  In  this  sys¬ 
tem  a  p  -polarized  incident  wave  from  a  diode  laser  (X  =  670 
nm)  is  reflected  by  the  sample  and  detected  by  a  photodiode 
after  passing  through  an  analyzer.  Adjusting  the  analyzer  al¬ 
lowed  operation  in  the  transverse  or  longitudinal  modes,  or 
in  a  complex  mixture  of  both.6 


III.  RESULTS 

A.  Magnetization  measurements 

In  Figs.  1(a)  and  1(b),  we  show  the  hysteresis  loops  ob¬ 
tained  for  analyzer  positions  corresponding  to  +45°  and 
-45°  in  relation  to  the  p -polarization  direction.  The  fre¬ 
quency  of  the  magnetic  field  was  0.03  Hz  and  in  both  cases, 
an  offset  signal  was  applied  to  center  the  loops.  From  these 
data,  by  point-to-point  algebraic  summation  and  subtraction,7 
we  can  reconstruct  the  hysteresis  loops  corresponding  to  the 
magnetization  components  parallel  {Mf)  and  perpendicular 
(M_l  )  to  the  applied  magnetic  field.  The  results  for  M  u  and 
Mj_  are  shown  in  Figs.  1(c)  and  1(d),  respectively.  As  is 
usual  for  MO  measurements,  the  vertical  axes  are  in  arbitrary 
units,  but,  in  this  case,  the  scale  factor  is  the  same  (500)  for 
both  magnetization  components.  Figure  1(c)  is  similar  to  re¬ 
sults  obtained  using  TMOKE  or  a  hysteresis  loop  tracer  (not 
shown  here)  and  reflects  a  transverse  in-plane  anisotropy.  In 
Fig.  1(d)  we  have  a  large  signal  for  \H\  <  2.5  Oe  which  goes 
to  zero  as  the  sample  is  saturated.  This  indicates  that  in  zero 
field,  the  magnetization  remains  near  the  direction  of  the 
annealing  field.  From  the  two  components  of  the  in-plane 
magnetization,  we  can  determine  the  evolution  of  the  mag¬ 
netization  direction,  as  shown  in  Fig.  1(e).  We  can  see  in  the 
range  1.3-3  Oe,  an  almost  linear  variation  of  the  magnetiza¬ 
tion  direction,  corresponding  to  the  rotation  of  the  magneti¬ 
zation  in  an  applied  field. 

Using  the  same  setup,  but  synchronizing  the  lock-in  am¬ 
plifier  on  an  alternating  current  passing  along  the  axis  of  the 
sample,  we  obtained  the  magnetic  field  dependence  of  the 
transverse  susceptibility  (x  ,).  We  show  in  Fig.  1(f)  the  x  t  vs 
H  loop  for  a  10  kHz,  10  mA  sinusoidal  current.  This  figure  is 
quite  similar  to  Fig.  1  of  Ref.  2,  and  has  a  peak  correspond¬ 
ing  to  the  GMI  peak,  in  the  region  where  the  magnetization 
direction  has  a  linear  variation.  The  low  field  peaks  are  due 
to  domain  wall  motion  close  to  the  coercive  field. 

B.  Domain  observations 

For  the  domain  observations  we  used  the  longitudinal 
magneto-optical  Kerr  effect  (LMOKE).  A  Jenapol  optical 
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FIG.  1.  TLMOKE  hysteresis  loops  for  (a)  analyzer  at  45°;  (b)  analyzer  at 
-45°;  (c)  summation  of  (a)  and  (b);  (d)  difference  of  (a)  and  (b);  (e)  mag¬ 
netization  direction;  and  (f)  • 


microscope  coupled  to  a  10-3  lux  Hamamatsu  video  camera 
and  a  DT2867  Data  Translation  video  board  allowed  real 
time  image  capture  and  processing,  using  capabilities  such  as 
frame  averaging  and  background  subtraction.  The  sample 
could  be  simultaneously  submitted  to  a  variable  longitudinal 
magnetic  field  up  to  70  Oe  and  an  alternating  current  of  10 
mA,  flowing  along  the  sample  axis.  In  Fig.  2  we  present  a 
sequence  of  images,  obtained  at  the  same  position  on  the 
sample,  for  applied  magnetic  fields  in  the  range  from  0.08  to 
0.72  Oe,  after  saturation  of  the  sample  in  the  reverse  direc¬ 
tion.  The  horizontal  direction  in  the  figure  is  the  ribbon  axis. 
We  can  see  the  dark  domains  shrinking  as  the  longitudinal 
magnetic  field  grows,  and  finally  disappearing  in  a  field  of 
about  0.8  Oe.  Comparing  with  Fig.  1,  this  range  corresponds 
to  that  of  strong  variation  in  the  magnetization  direction, 
near  the  coercive  field.  Thus,  for  magnetic  fields  above  about 
0.8  Oe,  only  magnetization  rotation  occurs  in  the  sample. 

In  Fig.  3  we  show,  for  the  same  sample  position,  the 
variation  of  the  domain  structure  due  to  a  current  having  the 
form  of  a  square  wave  of  amplitude  10  mA  and  frequency  5 
Hz.  This  low  frequency  current  generates  a  magnetic  field  in 
the  sample  that  is  parallel  to  the  surface  and  perpendicular  to 
the  axis  of  the  ribbon.  The  sense  of  the  field  is  inverted  on 
either  side  of  the  sample.  This  means  that  the  magnetization 


FIG.  2.  LMOKE  domain  observation  for  the  same  sample  position.  From 
top  to  bottom,  the  longitudinal  magnetic  field  is  H= 0.08;  0.11;  0.27;  0.45; 
0.57;  0.68;  and  0.72  Oe. 

is  closed  upon  itself  and  that  the  demagnetizing  factor  in  the 
transverse  direction  can  be  neglected.  Figures  3(a),  3(b),  and 
3(c)  were  obtained  with  longitudinal  fields  H— 0.21,  0.25, 
and  0.33  Oe,  respectively.  The  images  were  obtained  by  av¬ 
eraging  64  frames  after  the  subtraction  of  the  magnetically 
saturated  background.  We  then  obtained  a  three-level  gray 
image  where  the  bright  and  dark  areas  are  the  regions  where 


FIG.  3.  LMOKE  domain  observation  applying  a  longitudinal  current  square 
wave  of  amplitude  10  mA.  From  top  to  bottom,  the  longitudinal  field  is 
77=0.21;  0.25;  and  0.33  Oe. 
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c) 

H  >  H  peok 


FIG.  4.  Model  for  the  domain  structure  during  the  GMI  measurements. 

the  magnetization  is  stable,  and  the  intermediate  gray  level 
corresponds  to  the  displacement  of  the  domain  walls  due  to 
the  applied  current.  The  effect  of  the  current  is  strong:  in  Fig. 
3(a)  the  displacement  of  the  domain  wall  is  of  the  order  of 
30%  of  the  domain  dimension.  From  Fig.  3(c)  it  is  possible 
to  see  that,  for  one  sense  of  the  current,  the  domain  structure 
almost  disappears.  For  larger  values  of  longitudinal  field,  but 
certainly  below  1  Oe,  this  side  of  the  sample  presents  a  uni¬ 
form  magnetization. 

IV.  DISCUSSION 

From  the  experimental  results  presented  here,  we  can 
propose  a  model  for  the  domain  structure  for  the  three  dif¬ 
ferent  field  regions  of  interest.  This  model  is  presented  in 
Fig.  4. 

(1)  For  H**  0,  shown  in  Fig.  4(a),  we  have  a  transverse 
stripe  domain  structure,  where  the  effect  of  the  current  is  to 
displace  the  domain  walls  longitudinally.  The  dashed  and 
solid  lines  correspond  to  the  position  of  the  domain  walls  for 
peak  values  of  the  electric  current. 

(2)  For  0<H<Hpcak,  Hveak  being  the  magnetic  field  of 
the  GMI  or  Xt  maximum.  In  this  case,  shown  in  Fig.  4(b), 


we  have  a  uniform  magnetization  whose  average  direction  is 
close  to  the  easy  axis.  Then  the  current  will  produce  a  small 
variation  of  the  magnetization  direction  around  this  equilib¬ 
rium  direction. 

3)  For  if peak,  shown  in  Fig.  4(c),  the  equilibrium 

direction  is  close  to  the  longitudinal  one,  as  the  field  nears 
saturation.  Then,  for  both  directions  of  the  current,  the  mag¬ 
netization  direction  will  alternate  between  directions  sym¬ 
metrical  in  relation  to  the  axis  of  the  ribbon. 

As  the  magnetic  field  generated  by  the  current  has  a 
different  direction  on  each  side  of  the  ribbon,  we  can  repre¬ 
sent  the  other  side  by  simply  reflecting  Fig.  4  in  a  longitudi¬ 
nal  plane,  perpendicular  to  the  ribbon.  Then,  for  H>  0,  the 
magnetic  behavior  of  the  sample  can  be  represented  by  an 
in-plane  rotation  of  the  magnetization  in  a  helical  domain 
structure,  whose  period  along  the  direction  of  the  magnetiza¬ 
tion  is  a  function  of  the  current  and  the  longitudinal  magnetic 
field.  Nevertheless,  our  measurements  do  not  clarify  what 
happens  in  the  central  plane,  parallel  to  the  surface  of  the 
ribbon.  However,  we  can  suppose  that  the  magnetization  re¬ 
mains  longitudinal,  because  there  is  no  magnetic  field  gener¬ 
ated  by  the  current  in  this  region. 

V.  CONCLUSIONS 

From  the  MOKE  measurements  we  completely  charac¬ 
terized  the  domain  structure  for  the  conditions  of  the  GMI 
measurements.  It  was  possible  to  demonstrate  that  the 
maxima  in  x  t  and  GMI  correspond  to  a  rotation  of  the  mag¬ 
netization  in  a  longitudinal  helical  domain  structure. 
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A  magnetic-field  sensor  based  on  the  giant  magnetoimpedance  phenomenon  is  presented.  It  is 
shown  that  a  low,  negative  magnetostriction  CoFeBSi  amorphous  wire  can  be  used  to  detect  the 
presence  or  passage  of  moving  pieces  or  vehicles,  simply  by  pasting  a  small  permanent  magnet  on 
the  vehicles/pieces.  The  detection  is  observed  as  a  decrease  in  the  ac  voltage  on  the  wire’s  ends.  A 
system  of  such  devices  can  be  used  to  monitor  and  control  a  number  of  industrial 
processes.  ©  1996  American  Institute  of  Physics,  [S0021-8979(96)58208-X] 


I.  INTRODUCTION 

Some  ferromagnetic  materials  subjected  to  an  ac  electric 
current  exhibit  a  strong  decrease  in  their  impedance  in  the 
presence  of  a  dc  magnetic  field.  This  phenomenon  is  known 
as  giant  magnetoimpedance1-4  (GMI)  and  is  receiving  con¬ 
siderable  attention  because  of  its  applications  in  magnetic 
sensors. 

GMI  is  a  classical  electrodynamics  phenomenon1,2 
which  depends  essentially  on  the  interaction  between  the 
magnetic  field  created  by  the  ac  current  and  magnetic  do¬ 
mains  of  the  sample.  GMI  has  been  reported  for  ribbons  and 
wires;  however,  it  has  been  observed  to  be  more  efficient  in 
low,  negative  magnetostriction  wires,  which  spontaneously 
form5  an  outer  shell  with  circumferential  domains,  and  still 
have  a  weak  circular  magnetic  anisotropy.  Since  the  magne¬ 
tization  direction  in  such  domains  has  an  alternate  circumfer¬ 
ential  orientation,  the  interaction  between  magnetization  and 
the  magnetic  field  created  by  the  ac  current  is  strong.  At  high 
frequencies,  where  the  impedance  response  becomes  stron¬ 
ger,  GMI  shows  a  further  complexity1,2  due  to  skin  effect, 
which  tends  to  concentrate  the  ac  field  on  a  small  cross  sec¬ 
tion  near  the  surface  of  the  wire. 

In  this  article,  an  application  of  GMI  as  a  magnetic-field 
sensor,  adapted  to  monitor  the  passage  of  moving  pieces  or 
vehicles  typical  in  many  industrial  processes,  is  presented. 
The  development  of  a  system  of  sensors  with  a  feedback 
loop  to  monitor  and  control  the  process  is  also  discussed. 

II.  EXPERIMENTAL  TECHNIQUES 

We  used  amorphous  wires  of  composition 
(Co0.94Fe006)72.5B15Si12.5,  of  low,  negative  magnetostriction 
in  the  as-cast  state,  kindly  supplied  by  Unitika  Ltd.,  Japan, 
prepared  by  the  in-rotating-water  technology.6  A  piece  of  ap¬ 
proximately  9  cm  was  cut,  and  current  and  voltage  leads 
were  pasted  on  its  ends  with  Ag  paint,  after  cleaning  with  a 
soft  acid  solution.  In  order  to  improve  its  sensitivity  to  small, 
localized  magnetic  fields,  the  wire  was  carefully  bent  and 
placed  inside  a  small,  acrylic  cylinder  of  5  and  8  mm  inner 
and  outer  diameter,  respectively,  and  4  cm  in  length.  In  this 
way,  two  sections  of  the  middle  part  of  the  wire  were  ex- 
*  posed  to  small,  localized  magnetic  fields.  The  highest  sensi¬ 
tivity  of  wires  has  been  observed7  to  axially  applied  fields. 
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To  produce  an  ac  current  along  the  wire  (in  the  range  up 
to  20  mA  rms),  a  conventional  signal  generator  (Hameg  HM 
8030)  was  used.  Voltage  measurements  were  made  with  a 
Fluke  model  45  multimeter.  A  dc  magnetic  field  was  applied 
by  means  of  a  pair  of  Helmholtz  coils.  In  other  experiments, 
a  small,  disk- shaped  (5  mm  diameter,  2  mm  thickness) 
NdFeB  permanent  magnet,  axially  magnetized  was  used  to 
produce  the  dc  magnetic  field  on  the  wire.  During  all  mea¬ 
surements,  the  wire  axis  was  perpendicularly  oriented  with 
respect  to  the  earth’s  magnetic  field. 

III.  BASIS  OF  THE  SENSOR 

The  sensor  is  based  on  the  dependence  of  total  imped¬ 
ance  Z  on  dc  applied  magnetic  field.  As  is  now  well 
documented,1-4  Z  decreases  steeply  as  H  increases,  see  Fig. 
1.  This  behavior  can  be  explained  on  the  basis  of  the  mag¬ 
netic  domain  structure5  of  low,  negative  magnetostriction 
wires.  It  can  be  described  as  formed  by  an  inner  core  with 
axial  magnetization,  and  an  outer  shell  composed  of  circum¬ 
ferential  domains  with  alternate  magnetization.  Evidence 
showing  deviations  in  magnetization  directions  in  both  axial 
and  circumferential  domains  has  been  recently  reported.8 

As  axial  field  increases,  the  inner  core  is  first  saturated  in 
the  field  direction;  on  further  increase,  the  spins  in  circum¬ 
ferential  domains  are  deviated  toward  the  axial  field  direc¬ 
tion  in  a  nearly  pure  rotational  process.9  The  circumferential 


FIG.  1.  Voltage  response  of  the  CoFeBSi  wire,  as  a  function  of  dc  axial 
field. 
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component  of  magnetization  is  thus  decreased,  as  well  as  its 
interaction  with  the  circular  field.  Therefore,  a  decrease  in 
impedance  response  occurs.  This  process  depends  both  on  ac 
current  frequency  and  amplitude. 

At  low  frequencies  (/<500  Hz),  the  decrease  in  imped¬ 
ance  response  associated  with  the  presence  of  axial  fields  can 
be  extremely  small.  For  as-cast,  CoFeBSi  wires,  a  maximum 
sensitivity  to  axial  fields  is  observed10  in  the  10  kHz-1  MHz. 
For />  100  kHz,  due  to  the  skin-depth  effect,  field  penetra¬ 
tion  depth  becomes  smaller  than  the  actual  dimensions  of  the 
wire.  Then,  an  additional  component  of  impedance  appears, 
which  depends  on  frequency  and  local  permeability  values  in 
a  complex  way.1,2  Finally,  the  difference  in  response  due  to 
H  becomes  unnoticeable10  for/>20  MHz. 

In  most  reported  results,  the  ac  current  amplitude  is  kept 
constant  in  spite  of  the  impedance  variations,  by  monitoring 
the  current  for  each  H  value.  Since  we  are  interested  in  ap¬ 
plication  conditions,  particularly  in  the  voltage  response,  we 
have  measured  the  voltage  decrease  on  the  wire  ends  at  an 
initial  (at  H= 0)  constant  current  amplitude  of  10  mA  (rms), 
as  a  function  of  magnetic  field,  Fig.  1.  As  the  dc  field  in¬ 
creases,  the  impedance  decreases,  leading  to  an  increase  in 
current  amplitude.  A  comparison  of  Fig.  1  with  published  Z 
vs  H  plots  shows  that  variations  of  V  are  smaller  than  varia¬ 
tions  in  Z  for  similar  experimental  conditions.  This  is  due  to 
the  fact  that  Z  depends  also  on  the  ac  current  amplitude  i.  As 
we  have  shown  elsewhere11  circumferential  magnetization 
processes  occur  in  a  way  similar  to  any  domain-wall  magne¬ 
tization  process.  Since  the  imaginary  part  of  impedance  is 
associated  with  inductance  and,  in  turn,  magnetic  permeabil¬ 
ity  is  proportional  to  inductance,11  Z  reflects  these  magneti¬ 
zation  processes.  Z  exhibits,  therefore,  an  increase  for  small 
i  values  (start  of  wall  propagation);  as  i  increases,  Z  goes 
through  a  maximum  (corresponding  to  the  maximum  value 
in  circumferential  permeability;  about  5  mA  for  CoFeBSi 
wires)  and  then  a  hyperbolic  decrease,  as  magnetization  ap¬ 
proaches  the  saturation  value. 

As  a  summary,  the  most  convenient  conditions  for  a 
maximum  sensitivity  in  GMI  are:  frequency  work  in  the 
range  50-500  kHz;  and  ac  current  amplitude  i  in  the  8-15 
mA  range. 

IV.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

In  order  to  test  the  capability  of  the  device,  the  wire 
(bent  inside  the  plastic  cylinder,  as  discussed  above)  was 
submitted  to  an  ac  current  of  10  mA  (rms),  at  a  frequency  of 
100  kHz.  A  small  permanent  magnet  was  then  brought  near 
the  wire  and  the  voltage  response  V  was  monitored,  as  a 
function  of  the  distance  between  the  wire  and  the  permanent 
magnet  (see  Fig.  2).  As  can  be  observed,  V  decreases  from 
770  mV  for  large  distances  D  to  605  mV,  for  physical  con¬ 
tact.  For  practical  purposes,  a  minimum  distance  of  2  cm 
between  the  sensor  and  the  magnet  can  be  considered,  which 
leads  to  a  threshold  voltage  of  680  mV.  A  decrease  from  770 
to  any  value  V^680  mV  should  then  be  taken  as  a  detection. 

The  practical  application  is  schematically  shown  in  Fig. 
3.  In  any  industrial  process  involving  the  detection  of  mov¬ 
ing  objects  (assembling  parts  in  a  fabrication  process,  mov¬ 
ing  vehicles  in  a  storage  yard,  etc.),  a  precise  control  of 


FIG.  2.  Voltage  dependence  on  the  distance  between  the  sensor  and  the 
NdFeB  permanent  magnet.  The  magnetic  field  of  the  magnet  was  oriented 
axially  to  the  wire. 

objects  passing  nearby  a  sensor  can  be  performed  by  moni¬ 
toring  the  voltage  response  in  the  wire.  A  decrease  to  or 
below  680  mV  indicates  the  passage  of  an  object.  The  ac 
signal  can  be  easily  rectified  to  a  dc  signal,  which  can  then 
be  fed  to  a  data  acquisition  system  and,  using  a  simple  com¬ 
puter  program  including  a  feedback  loop,  the  whole  process 
can  be  monitored  and  controlled.  In  a  process  involving 
paths  with  several  bifurcations,  for  instance,  these  can  be 
opened  or  closed  after  a  given  number  of  vehicles  have 
passed. 

A  variety  of  magnetic-field  sending  technologies  have 
been  recently  reviewed.12,13  One  of  the  most  efficient  devices 
is  based  on  a  multivibrator  circuit  whose  tuning  frequency 
depends  on  the  effective  permeability  of  two  ferromagnetic 
cores.14  The  external  field  is  detected  by  its  influence  on  the 
core’s  permeability.  A  related  device,15  which  includes  an 
amorphous  wire  in  a  resonant  circuit,  has  also  been  devel¬ 
oped.  While  these  devices  are  certainly  more  sensitive  than 
the  one  presented  here,  they  are  also  more  complex  and, 
presumably,  more  expensive.  For  our  purposes  of  position 
sensing,  a  well-defined  threshold  in  the  voltage  response  is 
acceptable,  instead  of  a  sensitive  detection  of  the  magnitude 
of  the  dc  field.  Concerning  other  sensing  technologies,  the 
magnetic  sensor  presented  here  has  an  advantage  over  moni- 


PM 


MO  ! 


FIG.  3.  Layout  of  the  sensor  and  the  moving  vehicle,  showing  the  sensor 
(S),  the  wire  (w),  the  moving  vehicle  (MO),  the  permanent  magnet  (PM), 
and  the  signal  generator  (SG)  and  detector  circuit  (D)  contacts,  respectively. 
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taring  and  control  systems  based  on  optical  devices  in  the 
case  of  industrial  processes  involving  (nonmagnetic)  dusty 
atmospheres. 

As  a  conclusion,  a  magnetic  sensor  based  on  magne¬ 
toimpedance  has  been  presented.  Its  basic  principles,  as  well 
as  its  capabilities  have  been  analyzed. 
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The  field-annealing  effect  on  magnetoimpedance  of  a  zero  magnetostrictive 
metallic  glass 

S.  U.  Jen  and  Y.  D.  Chao 

Institute  of  Physics,  Academia  Sinica,  Taipei,  Taiwan,  11529  Republic  of  China 

A  commercially  made  metallic  glass,  VAC6030,  was  used  for  the  magnetoimpedance  (MI) 
measurement.  Some  samples  were  annealed  at  a  temperature  (Ta  =  340  °C)  slightly  below  its  Curie 
point,  and  cooled  in  a  transverse  or  longitudinal  field.  The  frequency  of  the  probe  current  was  from 
10  kHz  to  10  MHz.  MI  is  defined  as  AR/R  =  [R(0)/R(Hs)]-  1  and  AX/X=[X(0)/X(//5)]“  1, 
where  Hs  is  the  saturating  field  along  sample  length,  R  is  the  resistance,  and  X  is  the  reactance.  At 
relatively  low  frequencies  MI  is  mostly  inductive,  at  relatively  high  frequencies  it  is  resistive,  and 
a  crossover  could  be  defined  at  a  characteristic  frequency  /q  .  When  the  sample  is  in  the  as-cast  state, 

/0= 890  kHz.  If  samples  have  been  field  annealed,  f0  could  be  shifted  either  downward  or  upward; 

/0  becomes  30  kHz  after  a  transverse  anneal,  and  8  MHz  after  a  longitudinal  anneal.  The  field 
annealing  would  also  change  the  magnitudes  of  MI.  In  theory,  if  /</o,  Atf°c/2  and  AX<*/; 
however,  if  f^fo ,  both  A R  and  AX  are  dominated  by  the  skin- depth  effect,  and  therefore 
proportional  to  fn  instead.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)58308-6] 


I.  INTRODUCTION 

Magnetoimpedance  (MI)  effect  is  a  high-frequency  phe¬ 
nomenon,  which  describes  the  changes  of  impedance  (in¬ 
cluding  both  resistance  R  and  reactance  X)  in  any  ferromag¬ 
netic  sample,  when  a  magnetic  field  is  applied  on  it.  MI 
is  defined  as  ARIR^[R(0)/R(Hs)]—  1  and  A  XIX 
=  [X(0)/X(Hs)]  —  1 ,  where  Hs  is  the  saturating  field  along 
the  long  side  of  the  sample.  Note,  both  A R/R  and  A XIX  are 
dimensionless.  However,  sometimes  it  is  also  necessary  to 
discuss  the  absolute  MI,  namely,  AR^R(0)- R(HS)  and 
AX-X(0 )-X(Hs).  Then,  it  is  self-explanatory  that  R  in 
A  R/R  means  R(HS ),  instead  of  R(  0).  The  same  applies  for  X. 

In  the  past,  we  have  taken  some  nonzero  magnetostric¬ 
tive  metallic  glasses  (in  ribbon  forms)  as  samples,  and  mea¬ 
sured  their  MI  responses.1,2  Two  conclusions  were  reached: 

(i)  MI  effect  (A R/R  and  AX/X)  is  always  positive,  as 
found  by  others;3,4  and 

(ii)  at  relatively  low  frequencies  MI  is  mostly  inductive, 
at  relatively  high  frequencies  it  is  resistive,  and  a 
crossover  occurs  at  a  characteristic  frequency  /0  be¬ 
tween  them. 

In  this  article,  a  more  detailed  discussion  is  given  along 
this  line,  and  the  field- annealing  effect  on  MI  of  a  zero  mag¬ 
netostrictive  glass  is  presented  as  an  example. 

II.  EXPERIMENTS 

Amorphous  VAC6030  ribbons,  from  Vacuumschmelze 
GmbH,  were  taken  as  samples.  Although  it  is  not  our  pri¬ 
mary  interest  to  compare  the  absolute  changes  of  AX  and 
AX  due  to  field  annealings,  we  tried  to  keep  the  sizes  of  all 
samples  roughly  the  same:  20(/)X2(w)  mm2.  The  average 
thickness  is  t= 23  /nm.  The  ribbon  could  be  thinned  in  a  5% 
nital  solution  at  a  0.38  pm/min  rate. 

The  details  of  a  MI  measurement  were  described 
before.1,2  The  rms  magnitude  of  the  ac  probe  current  at  fre¬ 
quency  /  is  kept  constant,  /= 4.8  mA.  In  this  study,  there 
were  two  kinds  of  quasistatic  scans: 


(i)  the  field  scan  (|tf|=£300  Oe)  at  a  fixed /(Fig.  1),  and 

(ii)  the  frequency  scan  (10  kHz//®;  1 0  MHz)  either  in  a 
zero  or  saturating  field. 

Some  samples  were  annealed  at  a  temperature  slightly 
below  the  Curie  point  (Tc  =  350  °C)  in  vacuum.  During  an 
anneal,  a  field  of  300  Oe  was  applied  either  longitudinally  (||) 
or  transversely  (1)  with  respect  to  sample  length.  In  the  end, 
the  samples  were  field  cooled  at  a  rate  of  1-3  °C/min. 

111.  RESULTS  AND  DISCUSSION 

Since  the  sample  is  in  a  thin  sheet  form,  MI  behaviors 
are  classified  into  two  parts:  one  with  8>tl2  and  the  other 
with  8<tl2.  8=(2p/a)/i)m  is  the  skin  depth,  p  is  the  dc  resis¬ 
tivity,  w=2i7f,  and  p  is  the  permeability  of  the  material.  In 
the  former,  since  both  the  current  and  field  penetrate  through 
the  sample  (for  |z|<t/2),  the  current  distribution  is 
y(z)=y0=//(rw),  independent  of  z,  and  MI  is  resistance 
limited.  In  the  latter,  as  the  current  and  field  are  attenuated, 
the  current  distribution  becomes  J{z)=J\e^'±{,l2)^s,  and 
MI  is  inductance  limited.  Obviously,  when/is  scanned,  there 
will  exist  a  transition  frequency  /0  from  the  resistance- 


1.3 


VAC  6030 

b  T  =  340  C,  transversely  annealed 
\  f  =  6  MHz 

|  t  =  10  urn 


m 


Hj|  (Gauss) 

FIG.  1.  A  typical  field  dependence  of  MI  in  a  thinned  and  field-annealed 
VAC6030  ribbon.  Frequency/ of  the  ac  probe  current  was  fixed. 
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FIG.  2.  AR=R(0)-R(Hs)  and  AX=X(0)-X(Hs),  where  Hs  is  the  satu¬ 
ration  field.  ln(A R)  and  ln(AX)  are  plotted  as  a  function  of  In/,  respectively, 
for  the  as-cast  VAC6030.  /  is  the  frequency  of  the  probe  current.  /0  is  the 
characteristic  frequency  which  shows  the  crossover  from  a  inductive  to  a 
resistive  MI. 


limited  to  inductance-limited  MI  region,  or  vice  versa.  These 
features  are  evident  in  Fig.  2  and  Table  I.  /0  is  equal  to  890 
kHz,  30  kHz,  8  MHz,  and  400  kHz  in  the  as-cast,  1  an¬ 
nealed,  ||  annealed,  and  X  annealed  plus  thinned  VAC6030, 
respectively. 

As  is  well  known,  MI  effect  is  closely  associated  with 
the  domain  structures  in  the  sample  4,5  Meanwhile,  the  field 
anneal  is  the  most  common  method  used  to  orient  stripe 
domains  either  perpendicular  (_L  anneal)  or  parallel  (||  anneal) 
to  sample  length.6,7  In  the  1  annealed  case,  the  circumferen¬ 
tial  field,  generated  by  /,  causes  an  S-shaped  distortion  for 
each  domain  wall.5  The  removal  of  quenched-in  stresses  and 
wall  translations  (at  least  the  upper  or  lower  part  of  a  wall) 
would  enhance  the  local  y a  value  greatly.8  As  a  result,  8  is 
reduced  more  in  X  annealed  sample  than  in  as-cast  one  for  a 
fixed  frequency  (note,  the  small  decrease  of  p  due  to  anneal¬ 
ing  is  negligible).  This  explains  why  /0  is  shifted  downward 
(from  890  to  30  kHz),  when  the  as-cast  case  is  compared 
with  the  _L  annealed  case;  however,  for  the  ||  annealed 
sample,  the  circumferential  field  acts  in  a  hard-axis  direction. 
The  rotational  permeability  at  high  /  must  be  the  smallest 
among  the  three  cases  (as  cast,  X,  and  ||).7  Therefore,  /0  of  || 
annealed  sample  is  shifted  upward  from  890  kHz  to  8  MHz. 
Furthermore,  from  the  criterion  (til)  =  8—  (2 pi a>0p) 1/2,  it  is 
easy  to  find  the  characteristic  frequency  a)0=l7rf0 

TABLE  I.  /0  is  the  characteristic  frequency,  which  separates  the  resistance- 
limited  from  the  inductance-limited  MI  regions.  mx< ,  mR< ,  mx> ,  and 
mR>  are  the  slopes  from  the  fittings  of  the  In  A R  (or  In  AX)  vs  In/  plot. 
Cindicates  t!2<  S,  and  >  indicates  the  opposite. 


VAC6030 

/o(Hz) 

mx< 

mR< 

mx> 

mR> 

t= 23  fjL m 
as  cast 

890  k 

0.9 

1.4 

0.2 

0.4 

t—  23  fi m 

1  annealed 

30  k 

0.3 

0.4 

t— 23  (i m 
||  annealed 

8  M 

1.0 

1.4 

t=  10  fim 

1  annealed 

400  k 

0.8 

1.8 

0.5 

0.6 

=  (8 p/rV).  Then,  the  shiftings  of  /0  stated  above  are  all  in 
agreement  with  the  predictions  from  the  formula  of  tu0,  anc* 
may  be  estimated  quantitatively,  if  p  is  known  exactly.  Simi¬ 
larly,  in  Table  I  we  see  that  if  a  sample  has  been  thinned  from 
t= 23  to  10  pm,  and  X  annealed,  fQ  could  be  shifted  back 
from  30  to  400  kHz  as  expected. 

In  regard  to  the  /  dependence  of  A R  and  AX  in  the 
8>  t! 2  region,  Ref.  5  has  shown  that  if  walls  are  perpendicu¬ 
lar  to  the  current,  A R*f2  and  AX*/.  By  a  similar  argument, 
ac  domain  rotations  (in  the  ||  case)  would  also  lead  to  a  result 
that  A R  and  AX  are  proportional  to  u?  and  co,  respectively. 
From  Fig.  2  and  Table  I,  the  slopes  mx<  and  mR<  are  de¬ 
fined  from  the  In  AX  vs  In  /  and  In  A R  vs  In  /  plots  for  the 
as-cast  sample.  <  sign  indicates  the  low-/  region  to  satisfy 
tfl<8.  Conversely,  mx>  and  mR>  could  also  be  found.  The 
ellipses  in  Table  I  indicate  that  the  corresponding /0  has  been 
shifted  too  close  to  either  bound  of  the  frequency  measure¬ 
ment  and  that  causes  insufficient  data  for  the  fitting.  For  the 
as-cast  sample,  although  mx<—  0.9  is  close  to  1,  mR<  —  \A  is 
below  the  value  2,  perhaps  because  the  domain  structures  in 
the  as-cast  sample9  are  not  all  in  agreement  with  the  stripe 
domains  assumed  in  the  model.  Nevertheless,  for  the  £=10 
pm  and  X  annealed  sample,  both  the  values  of  mx<  and 
mR<  agree  with  the  predicted  values  respectively.  The  rea¬ 
sons  are  threefold: 

(i)  after  X  anneal  stripe  domains  are  oriented  properly; 

(ii)  since  the  circumferential  field  is  proportional  to 
sample  thickness  £,  by  thinning  t  (and/or  widening  w) 
the  wall  displacement  Ax  is  further  reduced  for  the 
same  magnitude  of  the  probe  current;  and 

(iii)  the  model  calculation  in  Ref.  5  is  valid  for  small  Ax, 
i.e.,  \l\<Isat=(4ow)/(M st) . 

To  discuss  the  skin-depth  effect  dominant  region  (til 
>5),  a  simple  calculation  shows  that 

R(f ,H)=Rte(pl 2)[(sinh^+sin  ^)/(cosh  ^-cos  j^)] 

and 

X(f,H)  =  Rte(P  2)[(sinh^ 

-sin  JX)/(cosh  JX-cosj^O ]  +  wLe, 

where  j^=f/(2<5),  Rdc=p/r,  and  Le  is  the  external  part  of 
self-inductance  of  the  sample.  When  H^H s ,  the  sample  be¬ 
haves  like  a  nonmagnetic  conductor;  the  domain  effect  has 
been  eliminated.  Therefore,  no  matter  if  the  sample  has  been 
field  annealed,  R(f,Hs)~ const  and  X(f,Hs)*toLe  as  shown 
in  Fig.  3.  This  is  true  as  long  as  t^48.  However,  in  the  high-/ 
limit,  we  have 

R(f,H)  =  Rdc(kfm) 
and 

X(f,H)  =  Rie(k'fm)  +  2'rrfLe, 

where  both  k  and  kf  are  functions  of  t,  p,  and  p,  respectively. 
Since  only  p  or  8  is  a  function  of  //,  but  Le  is  not,  we  find 
that  in  the  high-/  region 

AR(f)=R(f,0)-R(f,Hs)«fm 

and 
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FIG.  3.  The  frequency  dependence  of  R(HS)  and  X(HS)  in  an  as-cast 
VAC6030  sample,  n  is  the  slope  of  the  ln[X(//J]  vs  In/ curve.  R(HS )  is 
almost  independent  of  /. 


AX(/)«/1/2, 

also.  Hence,  in  the  inductance-limited  case,  both  mx>  and 
mR>  approach  the  same  value  1/2.  Table  I  has  summarized 
all  mx>  and  mR> .  Once  again,  for  the  thinner  sample  0=10 
/mi),  the  agreement  between  experiment  and  theory  is  better. 

Finally,  Figs.  4  and  5  show  the  MI  effect,  A R/R  and 
A XIX,  plotted  as  a  function  of/.  Here,  it  is  noted  that  since 
l  and  w  of  each  sample  were  deliberately  kept  the  same  sizes, 
the  absolute  value  of  R  or  X  does  not  vary  more  than  2% 
from  one  sample  to  another  at  a  fixed  /.  On  the  other  hand, 
the  change  of  AR  or  AX  due  to  field  annealing  is  often  more 
than  40%.  Therefore,  the  trends  observed  in  Fig.  2  for  A R 
and  AX  agree  with  that  in  Figs.  4  and  5  for  A  R/R  and  AX/X 
in  that  a  low-/  MI  is  inductive  and  at  high-/  MI  is  resistive. 
Also,  the  variations  of  A  R/R  and  AX/X  because  of  thinning 
or  field-annealing  are  in  proportion  to  that  of  A R  and  AX  for 
each  /  The  explanations  have  been  given  in  Ref.  2.  Since  the 
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FIG.  4.  Field-annealing  effects  on  AX/X  at  various  frequencies  /.  Ta  is  the 
annealing  temperature.  A  longitudinal  (||)  or  transverse  (1)  field  was  applied 
with  respect  to  sample’s  length  during  annealings,  t  is  the  thickness  of  the 
sample. 


FIG.  5.  Field-annealing  effects  on  A  R/R  at  various  frequencies  /.  The  rest  of 
the  notations  are  the  same  as  in  Fig.  4. 


precautions  have  been  taken,  even  if  A  R/R  and  AX/X  may 
be  a  function  ( II  w )  or  (w//),  we  think  Figs.  4  and  5  do 
reflect  the  field-annealing  effect,  rather  than  other  uncertain¬ 
ties  from  the  variations  of  l  or  w  among  different  samples. 

IV.  CONCLUSION 

Zero  magnetostrictive  VAC6030  samples  have  been 
field-annealed  at  T=340  °C.  MI  measurements  were  per¬ 
formed  for  each  sample.  The  field-annealing  effects  on  MI 
were  studied.  Those  include 

(i)  how  the  characteristic  frequency  /0  is  shifted  by  vari¬ 
ous  field  annealings, 

(ii)  the  /dependence  of  A  R  and  AX  in  the  corresponding 
two  frequency  regions  (7/2  <  8  and  t!2>  8 ),  and 

(iii)  the  changes  of  A  R/R  and  AX/X  due  to  different  field 
annealings. 

The  existing  models  could  partially  explain  the  phenom¬ 
ena  observed. 
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We  report  room-temperature  transversal  magnetoimpedance  (TMI)  and  Hall-effect  measurements 
performed  in  ribbons  of  the  zero-magnetostriction  soft-ferromagnet  Co7o.4Fe46Si15B10  alloy 
annealed  at  587  K  for  15  min  at  a  dc  magnetic  field  of  2  kOe.  The  annealing  showed  little  effect  on 
the  magnetostriction  of  the  samples.  The  frequency /and  the  amplitude  7ac  of  the  current  used  in  the 
measurements,  and  the  measuring  magnetic  field  77  were  varied  in  the  intervals  10^/sSlO5  Hz, 
2.5^/ac=^25  mA,  and  - 15^77^15  kOe,  respectively.  The  magnetic  field  dependence  of  the  TMI 
shows  a  peak  which  is  strongly  dependent  on  /and  on  7ac.  It  reaches  the  giant  value  of  28%  at 
77=350  Oe  for /=  100  kHz  and  7ac=25  mA.  This  TMI  giant  value  is  of  the  same  order  of  the  giant 
longitudinal  magnetoimpedance  (GLMI)  but  its  peak  is  positioned  in  a  magnetic  field  two  orders  of 
magnitude  larger  than  the  value  obtained  for  the  GLMI.  The  Hall  effect  yielded  a  value  of 
tf5=0.43  yuXlcmkOe-1.  Peaks  which  are  also  frequency  dependent  were  observed  at  the  Hall 
voltage.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)58408-0] 


I.  INTRODUCTION 

Recently  we  showed  that  annealed  amorphous 
Co704Fe46Si15B10  in  an  applied  magnetic  field  77  exhibits 
sharp  peaks  in  the  longitudinal  magnetoresistance.1  The  an¬ 
nealing  plays  a  major  role  in  the  shape  and  size  of  the 
magnetoimpedance.2  The  magnitude  of  these  peaks  varies 
strongly  with  the  frequency  /  and  with  the  amplitude  of  the 
ac  current  7ac  used  to  measure  the  magnetoresistance.  They 
have  their  magnitude  increased  either  by  increasing  /  or  7ac , 
and  reach  giant  values  at  low  magnetic  fields.3,4  A /and  7ac 
dependence  was  also  observed  in  the  signal  phase  and  the 
effect  was  later  called  giant  magnetoimpedance  (GLMI). 
More  recently,  GLMI  was  also  observed  in  wires  made  of 
amorphous5-9  and  nanocrystalline10  materials.  These  phe¬ 
nomena  opened  interesting  questions  on  electronic  transport 
and  its  interrelation  to  magnetic  properties  and  made  amor¬ 
phous  materials  as  strong  candidates  for  applications  in  mag¬ 
netic  sensor  technology. 

The  transverse  field  annealing  induces  an  anisotropy 
which  results  in  a  regular  pattern  of  domains  aligned  antipar¬ 
allel  to  each  other.  This  pattern  can  be  seen  by,  e.g.,  Kerr- 
effect  spectroscopy.11  The  GLMI  in  amorphous  ribbons  has 
its  origin  on  the  combined  effect  of  domain  rotation  and 
domain-wall  oscillations  and  the  high  permeability  of  this 
material.  These  effects  are  equally  important  to  determine  the 
frequency  and  magnetic-field  dependences  of  the  magne¬ 
toimpedance  of  samples  with  induced  anisotropy.  The  oscil¬ 
lations  are  due  to  the  coupling  of  the  domains  with  the  trans¬ 
verse  in-plane  ac  magnetic  field  h  generated  by  the  electrical 
current.  The  high  permeability  leads  to  a  small  skin  depth 
even  at  low  frequencies  and  the  experiments  essentially  mea¬ 
sure  the  surface  impedance  of  the  samples.  A  theoretical 
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model  based  on  this  assumption  allows  one  to  calculate  the 
magnetoimpedance  with  a  good  agreement  with  the  experi¬ 
mental  results.12  Depending  on  the  annealing  and  measuring 
conditions  one  can  obtain  a  regular  circular  pattern  of  do¬ 
main  in  wires  with  negative  magnetostriction  and  the  skin 
depth  plays  also  an  essential  rule  in  determining  the  size  and 
shape  of  the  magnetoimpedance  in  these  systems.5-10 

As  far  as  we  know,  up  to  now  the  giant  magnetoimped¬ 
ance  effect  has  only  been  observed  with  the  applied  magnetic 
field  77  parallel  to  the  ac  current  (longitudinal  magne¬ 
toimpedance).  However,  some  technological  applications  re¬ 
quire  77  being  applied  perpendicularly  to  the  plane  of  the 
ribbon.  In  this  article  we  demonstrate  the  existence  of  a 
transverse  magnetoimpedance  effect  in  pieces  of  ribbons  of 
Co7o.4Fe46Si15Bi0.  The  effect  of  an  ac  current  on  the  Hall 
effect  and  the  changes  in  the  magnetostriction  due  to  anneal¬ 
ing  in  samples  under  an  applied  magnetic  field  are  also  re¬ 
ported.  Results  for  the  7ac  and  /  dependencies  of  the  peaks  of 
the  GLMI  in  magnetic  field  are  included  for  comparison. 

II.  SAMPLES  AND  TECHNIQUES 

The  samples  were  prepared  by  a  melt-spinning  technique 
in  a  He  atmosphere.  Pieces  of  a  ribbon  of 
Co70  4Fe4  6Si15B10  11  mm  long,  1  mm  wide,  and  40  gm  thick 
were  used  throughout  the  experiments.  The  samples  were 
annealed  in  a  He  atmosphere  for  15  min  at  587  K  in  a  mag¬ 
netic  field  of  2  kOe  applied  transverse  to  the  length  of  the 
samples  in  the  plane  of  the  ribbon. 

A  modified  small  angle  magnetization  rotation 
technique13,14  (SAMR)  was  employed  to  measure  the  mag¬ 
netostriction  of  samples  annealed  in  the  same  manner  like 
those  used  in  the  magnetoimpedance  and  Hall-effect  mea¬ 
surements. 

The  magnetoimpedance  was  measured  using  an  ac  four- 
probe  technique.  The  four  leads  were  attached  to  samples 
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FIG.  1.  Transversal  giant  magnetoimpedance  (GTMI)  vs  applied  magnetic 
field  H  for  three  values  of  7ac  and  for  /=  100  kHz.  The  values  of  the  GTMI 
are  given  in  percent  relative  to  the  resistivity  at  zero  applied  magnetic  field. 


cleaned  with  HNO3(10%)  using  silver  paint.  Contacts  with 
less  than  1  fl  were  obtained  with  this  process.  The  magni¬ 
tude  and  the  phase  of  the  magnetoimpedance  were  detected 
with  a  lock-in  amplifier  operating  in  the  Z-0  mode.  A  pair  of 
Helmholtz  coils  generated  the  magnetic  field  used  to  mea¬ 
sure  the  GLMI  while  the  giant  transversal  magnetoimpe¬ 
dance  (GTMI)  was  measured  in  a  conventional  magnet. 

The  Hall  effect  was  measured  with  the  four  leads  glued 
directly  to  the  sample  using  silver  paint.  The  measurements 
were  made  using  ac  current  and  the  Hall  voltage  was  also 
detected  by  a  lock-in  amplifier.  The  amplitude  of  the  current 
was  kept  at  12.5  mA  while  its  frequency  was  varied  from  10 
to  105  Hz.  The  magnetic  field  was  applied  perpendicularly  to 
the  plane  of  the  ribbon  and  its  amplitude  was  swept  in  the 
interval  -15<H<15  kOe. 

III.  EXPERIMENTAL  RESULTS 

Figure  1  shows  the  transversal  magnetoimpedance  mea¬ 
sured  as  function  of  the  applied  dc  magnetic  field  H  for  three 
values  of  current,  namely,  (a)  25,  (b)  12.5,  and  (c)  2.5  mA, 
and  for /=  100  kHz.  The  GTMI  is  increased  by  increasing 
7ac .  The  maximum  value  of  the  GTMI  as  a  function  of  the 
frequency  is  plotted  in  Fig.  2.  The  solid  line  is  a  fit  to  Eq. 
(14)  reported  in  Ref.  12, 

L  /  47 Tpa)  \ 1/2 

^  2 Ic  \  1  +  (x)2i2) 

X  [  ( 1  +  O)2  r2 + 4  7TXo): 2 +  (4  TTXo  t) 2]  1/4> 

where  Z  is  the  magnetoimpedance,  Xo  static  suscepti¬ 
bility,  r  is  the  dynamical  susceptibility  relaxation  time,  p  is 
the  resistivity,  L  and  l  are  ribbon  length  and  width,  respec¬ 
tively,  c  is  the  speed  of  the  light,  and  o)  is  the  angular  fre¬ 
quency  (=277 f).  The  maximum  of  the  GTMI  measured  as 
function  of  7ac  for /=  100  kHz  is  shown  in  Fig.  3.  The  value 
of  the  magnetic  field  where  the  GTMI  reaches  it  maximum 
(Ht)  also  depends  on  7ac .  This  result  is  shown  in  the  upper 


FIG.  2.  Frequency  dependence  of  the  maximum  value  of  the  GTMI  vs 
frequency  for  7ac=12.5  mA.  The  solid  line  is  a  fit  to  a  theoretical  model. 


inset  of  Fig.  3.  For  small  current  values  77r=500  Oe  while 
for  higher  currents  it  is  about  350  Oe.  The  lower  inset  in  Fig. 
3  shows  the  7ac  dependence  of  HL  for  the  GLMI  for  three 
values  of/.  For  lower  frequencies  the  dependence  on  7ac  is 
more  pronounced  for  the  GLMI. 

Figure  4  shows  the  Hall  resistivity  measured  for  -15 
<77<15  kOe,  /=  1  kHz,  and  7ac=12.5  mA.  The  lower  and 
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FIG.  3.  Maximum  value  of  the  GTMI  vs  7ac  for  /=  100  kHz.  The  values  of 
the  GTMI  are  given  in  percent  relative  to  the  resistivity  at  zero  applied 
magnetic  field.  The  upper  inset  shows  the  7ac  dependence  of  HT  (magnetic 
field  corresponding  to  the  maximum  value  of  the  GTMI)  while  the  lower 
one  shows  the  same  dependence  for  Hh  for  three  values  of  /. 
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FIG.  4.  Magnetic-field  dependence  of  the  Hall  resistivity  for  7ac=  12  mA  and 
/”  1  kHz.  Upper  and  lower  insets  show  the  results  for  /=  100  kHz  and  10 
Hz,  respectively.  Peaks  at  the  center  of  the  curves  are  observed  for/=l  and 
100  kHz. 

upper  insets  show  the  Hall  resistivity  for/=10  and  105  Hz, 
respectively.  Very  large  peaks  which  depend  on  the  fre¬ 
quency  of  the  current  are  also  observed  in  the  Hall  effect. 
The  Hall  resistivity  data  yields  R0=— 0.02  juSlc mkOe-1 
and  /?5=0.43  jllQ  cmkOe^1  for  the  ordinary  and  spontane¬ 
ous  Hall  coefficients,  respectively,  obtained  from  the  1  kHz 
curve. 

We  also  measured  the  magnetostriction  of 
Co75_JCFexSi15B10  for  samples  annealed  in  a  magnetic  field 
and  as  quenched  for  2<x<6.  We  found  that  annealing 
changes  significantly  the  magnetostriction  of  the  samples 
with  positive  or  negative  values.  However,  within  the  experi¬ 
mental  resolution  (2X 10-8)  we  found  no  change  in  the  mag¬ 
netostriction  of  samples  with  zero  magnetostriction  (x=4.6). 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  overall  shape  and  size  of  the  GTMI  peaks  are  quite 
similar  to  those  observed  for  the  longitudinal  magnetoimped¬ 
ance.  Indeed,  the/ and  7ac  dependencies  for  the  GTMI  maxi¬ 
mum  and  the  7ac  dependence  for  HT  show  that  the  same  phys¬ 
ics  is  behind  both  cases.  The  results  do  also  show  that  the 
model  proposed  in  Ref.  12  is  also  valid  for  the  transverse 
effect.  In  the  model,  the  magnetoimpedance  increases 
roughly  with  the  square  root  of  /  and  the  peaks  shifts  to 
lower  77  by  increasing  /ac .  The  deviation  of  the  fit  from  the 
data  observed  in  Fig.  2  for  intermediate  and  high  frequencies 
may  be  in  part  due  to  frequency-dependent  contributions  not 
taken  into  consideration  in  our  model.15  The  main  difference 
among  the  GTMI  and  the  GLMI  is  the  value  of  77  for  which 
they  attain  their  maximum  values.  HT=  500  Oe  for  the  GTMI 
while  Hl=  10  Oe  for  the  GLMI.  This  difference  is  mainly 


due  to  the  demagnetizing  field  which  is  larger  for  77  applied 
perpendicular  to  the  plane  of  the  ribbon.  These  results  were 
confirmed  by  measuring  the  magnetization  versus  H  curve  in 
both  cases. 

Skew  scattering  and  side-jump  mechanisms  yield  a  re¬ 
sistivity  dependence  on  the  anomalous  Hall  coefficient 
(Rs=ap+bp2).  This  p  dependence  was  investigated  in  detail 
in  magnetic  multilayer  systems  which  show  giant  magnetore¬ 
sistance  behavior.16  The  anomalous  Hall  effect  in  multilayers 
showed  a  strong  correlation  among  Rs  and  p  as  expected 
from  these  two  scattering  processes.  In  our  Hall  resistivity 
results  we  also  observed  peaks  quite  similar  to  the  ones 
present  in  the  resistivity  data.  However,  from  these  prelimi¬ 
nary  results  it  is  quite  difficult  to  distinguish,  e.g.,  if  its  origin 
is  on  a  pseudo-Hall  effect  from  a  small  component  of  77  in 
the  plane  of  the  sample  or  if  it  is  due  to  the  p  dependence  in 
Rs.  In  fact,  from  Rs  one  would  probably  expect  nonsymmet- 
ric  peaks  around  H=  0  since  the  magnetization  changes  sign 
when  77< 0  and  p  is  always  positive.  More  experiments  are 
underway  to  better  clarify  these  points. 

In  short,  we  showed  that  giant  magnetoimpedance  can 
also  be  observed  with  77  applied  perpendicularly  to  the  plane 
of  the  ribbon  (transverse  magnetoimpedance).  The  77,/,  and 
7ac  dependencies  for  the  GTMI  are  very  similar  to  those  ob¬ 
served  for  the  longitudinal  magnetoimpedance  reported  ear¬ 
lier.  These  results  are  somewhat  important  for  magnetic  sen¬ 
sor  technology. 
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Giant  magnetoimpedance  (GMI)  measured  in  ribbons  of  the  soft  ferromagnet  Coy^Fe^Si^B^ 
annealed  in  the  presence  of  a  transverse  magnetic  field  exhibits  peaks  in  its  field  dependence.  The 
GMI  is  strongly  dependent  on  the  magnitude  of  the  longitudinal  field  and  on  the  frequency  of  the 
applied  current.  We  present  a  theoretical  model  which  explains  the  existence  of  the  peaks  and  its 
frequency  dependence.  The  model  is  based  on  the  skin  depth  effect  and  on  the  domain- wall  motion 
due  to  the  magnetic  field  and  the  ac  current.  ©  1996  American  Institute  of  Physics. 
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Amorphous  ribbons  and  wires  of  soft  ferromagnetic  al¬ 
loys  have  attracted  considerable  attention  in  recent  years  due 
to  their  unique  physical  properties  and  potential  technologi¬ 
cal  applications.  One  of  the  most  interesting  phenomena  ob¬ 
served  in  these  materials,  is  the  frequency-dependent  giant 
magnetoimpedance  (GMI)  exhibited  by  the  low- 
magnetostriction  alloy  Co75_xFe^Si15B1o.1”6  Particularly  in¬ 
teresting  is  the  sharp  peak  in  the  field  dependence  of  the 
GMI  in  transversely  annealed  ribbons  with  concentration 
x=4.6.1,2,6  In  this  article  we  present  a  model  which  explains 
the  peak  in  magnetic  field  and  its  frequency  dependence. 

Figure  1  illustrates  the  experimental  geometry  used  to 
observe  the  GMI  effect  in  amorphous  ribbons  of  CoFeSiB 
prepared  by  melt  spinning  techniques.  The  sample  is  previ¬ 
ously  annealed  in  a  field  applied  in  the  ribbon  plane,  perpen¬ 
dicularly  to  the  long  direction.  This  is  known  to  introduce  a 
transverse  anisotropy,7-9  which  results  in  a  domain  structure 
consisting  of  transverse  stripe  domains.  The  impedance 
Z—Z  exp(f  6)  is  measured  through  an  alternating  current 
I=Iq  exp(/cof)  in  the  presence  of  a  longitudinal  magnetic 
field  H .  In  alloys  with  composition  Co70.4Fe4  6Si15B10,  which 
have  nearly  zero  magnetostriction,  the  variation  of  Z  with  H 
has  a  pronounced  peak  at  fields  of  a  few  Oe.  As  a  result,  the 
magnetoimpedance  ratio  MIR=102[Z(//)  —  Z(0)]/Z(0),  has 
a  double  peak  structure.  Figure  2(a)  shows  the  peak  on  the 
positive  H  part  only.  Furthermore,  the  MIR  is  a  strong  func¬ 
tion  of  frequency  /=  co/27r,  increasing  continuously  with  / 
up  to  around  100%  at  about  1  MHz.6  Notice  that  in  samples 
with  concentration  different  than  x=4.6,  the  MIR  is  also 
frequency  dependent,  but  it  does  not  have  the  double  peak 
structure  in  field  and  has  a  much  smaller  maximum  value. 

Since  the  frequency  dependence  of  the  impedance  in 
CoFeSiB  with  4.6  has  been  previously  explained  by  clas¬ 
sical  electrodynamics,4  we  use  here  a  similar  concept.  The 
basic  idea  is  that  in  a  metal  with  very  large  initial  transverse 
magnetic  permeability  fxt ,  the  ac  current  is  essentially  con¬ 
fined  to  surface  layers  with  thickness  given  by  the  skin 
depth,10 


S—  c 


[-!— 

\2iro)pit 


1/2 


(i) 


smaller  than  typical  ribbon  thickness  (50  jam ),  so  that  the 
current  flows  very  near  the  upper  and  lower  surfaces  of  the 
sample.  Thus,  the  impedance  of  the  sample  is 
approximately10 

pL  (1  ~i)L  ,n 

Z=(1  21S~  2lc  (^rrptop,,)  •  ® 

where  l  and  L  are  the  ribbon  width  and  length,  respectively. 
Equation  (2)  shows  that  the  behavior  of  Z  with  field  and 
frequency  is  determined  by  the  factor  hence,  it  is 

dictated  by  the  response  of  the  domains  to  the  longitudinal 
field  H  and  the  ac  current  I. 

Field  dependence:  The  motion  of  the  domain  walls  re¬ 
sults  from  the  combined  effect  of  the  external  longitudinal 
field  H  and  the  transverse  field  h  created  by  the  current, 
h  =  II2t,  where  t  is  the  ribbon  thickness.11  Since  the  current 
flows  along  the  two  surfaces,  we  analyze  only  the  behavior 
of  the  domains  on  one  surface.  Assuming  initially  quasistatic 
conditions,  the  domain-wall  displacement  x  from  the  equilib¬ 
rium  configuration  (H=h  —  0)  and  the  directions  of  the  do¬ 
main  magnetizations  are  obtained  by  minimizing  the  free 
energy  density.  This  is  the  sum  of  the  following  terms:12 


Uz  =  MsH[(a- l)sin  <f>2~  a  sin  4>{],  (3) 

UA  =  K[a  sin2  <j>i  +  ( 1  —  a)sin2  ^2 3>  (4) 

Uzt=Msh[{\- a) cos  <f>2—  «  cos  <p\\,  (5) 

Uw=  \kAx2,  (6) 


where  c  is  the  speed  of  light  and  p  the  dc  resistivity.  For 
typical  values  p=130  /m£l  cm  and  fi,=  105,  the  skin  depth  is 
10<<5<2000  A  for  102</<107  Hz.  These  values  are  much 


FIG.  1.  Illustration  of  a  piece  of  an  amorphous  ferromagnetic  ribbon  used 
for  measuring  magnetoimpedance.  The  magnetizations  of  the  stripe  do¬ 
mains,  the  relevant  fields,  and  the  probe  current  are  also  shown. 
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FIG.  2.  Comparison  between  the  giant  magnetoimpedance  ratio  measured  in 
Ref.  6  [Fig.  3(c)]  in  Co704Fe4  6Sii5BI0  and  the  relative  impedance  calculated 
with  the  theoretical  model. 


where  Uz ,  UA,  Uzt ,  and  Uw  are,  respectively,  the  Zeeman, 
anisotropy,  transverse  Zeeman,  and  wall  energy  contribu¬ 
tions;  fa  and  4> 2  are  the  angles  between  the  two  domain 
magnetizations  and  the  easy  axis  direction  induced  by  the 
transverse  annealing,  shown  in  Fig.  1;  a—V2+xid  is  the 
fraction  of  the  volume  occupied  by  the  domains  at  angle  fa ; 
Ms  is  the  saturation  magnetization;  K  is  the  anisotropy  con¬ 
stant;  A  is  the  wall  area  per  unit  volume;  and  k  denotes  the 
mean  wall  stiffness  in  a  model  in  which  the  domain-wall 
energy  is  represented  by  a  single  parabolic  potential.  Note 
that  the  magnetoelastic  energy  has  been  neglected  because 
we  are  mainly  concerned  with  a  nearly  zero  magnetostriction 
alloy. 

The  angles  fa  and  fa  and  the  wall  displacement  x  can  be 
obtained  by  dUfd4>x  =  dUf  dcf)2~  dU/dx  =  0.  These  equa¬ 
tions  yield  analytical  solutions  in  terms  of  the  variables  H 
and  h  and  the  material  parameters  K ,  Ms ,  k,  d,  and  A. 
These  solutions  are 

cos4  <f>i  +  2b  cos3  cf>\  (1  —  g2)  cos2  (fix 

—  2b  cos  <fi\ —  /2= 0,  (7) 
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Ms 
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2  (cos  0i“cos  fa) 


+  —  (cos  4>\A  cos  fa) 
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Physically  what  happens  is  this:  For  zero  current,  h  =  0 
and  then  fa  =  fa .  In  this  case,  as  the  longitudinal  field  in¬ 
creases,  the  two  domains  rotate  with  the  same  angle  until 
fa~fa=90°  for  H=Ha.  The  longitudinal  magnetization  in¬ 
creases  linearly  as  H  varies  from  0  to  HA ,  where  saturation 
is  reached,  whereas  the  domain  displacement  and  the  trans¬ 
verse  magnetization  are  always  zero.  However,  for  hi=  0,  fa 
increases  more  rapidly  than  fa,  resulting  in  x^O  and  a  non¬ 
zero  transverse  magnetization.  Figure  2(b)  shows  the  square 
root  of  the  transverse  magnetization  versus  HIHA  for 
h!HA= 0.02  (which  corresponds  to  a  current  of  10  mA)  and 
MsHa  fkAd2- 0.05.  The  jump  observed  at  a  field  value  near 
Ha  is  due  a  flipping  of  the  domains  pointing  opposite  to  /z, 
made  possible  by  the  fact  that  the  anisotropy  energy  curve  is 
almost  flat  at  fa~90°.  Comparing  (a)  and  (b)  in  Fig.  2  we 
see  that  the  qualitative  agreement  between  the  results  of  the 
model  and  the  data  is  quite  good. 

Frequency  dependence:  The  frequency  dependence  of 
the  transverse  susceptibility  can  be  obtained  from  the  analy¬ 
sis  of  the  domain  dynamics.  In  a  first  approximation  we  as¬ 
sume  that  the  domain  dynamics  is  limited  by  the  wall  motion 
and  not  by  the  magnetization  rotation.  In  this  approximation 
the  dynamics  is  not  expected  to  vary  with  H.  So  we  consider 
H<Ha  ,  so  that  fa—fa<90°.  In  this  case  the  force  per  unit 
volume  acting  on  the  domain  walls  is  -  dUldx  —  2hMsld 
-  kAx .  Thus,  the  equation  of  motion  for  the  domain  walls  is 


2hMs 

d 


dx 

—  kAx+y  — , 
1  dt 


(id 


where  m  is  the  wall  mass  per  unit  volume  and  the  last  term  is 
a  domain-wall  drag  force  introduced  phenomenologically. 
Assuming  an  alternating  transverse  field  h  exp(icot)  gener¬ 
ated  by  the  ac  current  and  neglecting  the  wall  mass  we  obtain 
for  the  displacement 


2  Msfd 
kA  —  icoy 


(12) 


Using  Eq.  (12)  in  Eq.  (10)  we  obtain  the  transverse  suscep¬ 
tibility 


cos4  fa  — 2b  cos3fa  —  (l~g2)cos2  fa 
+  2 b  cos  fa  —  b2  =  0, 


(8) 


Ms  I  Ha  9  _ 

*=  I //(sin  fa- sin  fa)-  —  (sir  fa- fa) 


+  /z( COS  (f) 2  +  COS  (fix)  , 


(9) 


where  HA=2KIMS  is  the  anisotropy  field,  b  =  h/HA,  and 
g=/////A.  Solving  Eqs.  (7)-(9)  we  obtain  fa,  fa ,  and  jc 
which  are  used  to  calculate  the  transverse  susceptibility, 


Xo 

Xt  1  -i(OT’ 


(13) 


where  *o=4M^/L4r/2  is  the  static  susceptibility  and  r=y / 
kA  is  the  relaxation  time.  Similar  expression  for  the  dynami¬ 
cal  susceptibility  is  being  used4,11  for  different  magnetic  field 
and  frequency  regimes  by  choosing  the  appropriate  r.  With 
this  result,  the  magnitude  of  the  impedance  in  Eq.  (2)  be¬ 
comes 


Z= 


L 

2lc 


j  47Tp(0  \ 

\TTfa7j 
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[(1  +W2T2  +  477Xo)2 


+  (47rx0«r)2]1/4. 
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FIG.  3.  Fit  of  the  theoretical  frequency  dependence  of  the  giant  magne¬ 
toimpedance  to  the  data  of  Ref.  6. 


Figure  3  shows  the  fit  of  Eq.  (14)  to  the  data  obtained  for 
Co7o.4Fe4 .6Si15B10  at  the  peak  of  the  MIR  with  the  parameters 
Xq=105  and  t=  10~8  s.  Thus,  the  model  also  accounts  very 
well  for  the  frequency  dependence  of  the  GMI  observed  in 
this  alloy. 
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The  effects  of  Fe  substitution  for  Ni  in  the  intermetallic  superconductor  YNi2B2C  are  reported. 
Samples  of  nominal  composition  Y(Ni1_;cFe;c)2B2C  with  *  =  0.01,  0.02,  0.05,  and  0.1  have  been 
prepared  and  subsequently  characterized  by  x-ray  diffraction,  ac  susceptibility,  and  resistivity/ 
magnetoresistance  measurements.  A  summary  of  these  data  is  presented,  and  these  are  compared 
and  contrasted  with  both  the  behavior  previously  reported  for  and  the  conclusions  drawn  from  Fe 
and  Co  doping  in  this  system.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)41 108-7] 


Over  the  past  year  there  have  been  several  studies  of  the 
influence  of  substitutional  transition  metal  replacement  of  Ni 
in  the  quaternary  YNi2B2C  system,  in  particular  by  Fe1  and 
Co.1,2  One  of  the  more  interesting  conclusions  drawn  from 
such  studies  is  that  Fe  carries  no  moment  in  this  host.  Such  a 
conclusion  would  not  be  unusual  for  the  Ni  sites  prior  to 
doping  as  Ni  is  unique  amongst  the  3d  transition  metals  in 
that  it  never  displays  a  stable  moment  in  the  single  impurity 
limit  when  introduced  into  nonmagnetic  metals.3  Both  Fe 
and  Co  are  different;  they  frequently  exhibit  a  long-lived 
local  moment  and  ordering  effects  can  be  important  at  or 
below  the  1  at.  %  level.3 

Samples  of  nominal  composition  Y(Ni1_xFe;c)2B2C  with 
*  =  0.01,  0.02,  0.05,  and  0.1  were  prepared  by  arc  melting 
appropriate  quantities  of  starting  materials  [Y  (99.9%),  Ni 
(99.95%),  Fe  (99.98%),  B  (99%),  and  C  (spec  pure)],  and  the 
resulting  buttons  were  homogenized  by  inverting  and  remelt¬ 
ing  them  several  times.  Specimens  of  dimensions  (5X1X1) 
mm3  (~30  mg)  were  cut  from  these  buttons  and  subse¬ 
quently  annealed  in  vacuo  at  1000  °C  for  24  h  followed  by 
furnace  cooling.  Powder  diffraction  measurements  on  the 
x  =  0.05  sample  confirm  that  its  structure  is  the  same  as  that 
of  the  undoped  parent  compound,  in  agreement  with  Ref.  1 . 
ac  susceptibility  and  (longitudinal)  magnetoresistance  data 
were  acquired  using  previously  described  techniques.4 

Figure  1  reproduces  the  ac  susceptibility  (measured  at 
2.4  kHz  with  an  ac  driving  field  of  50  mOe  rms  applied 
along  the  largest  sample  dimension)  taken  in  zero  static  bi¬ 
asing  field;  here  it  can  be  seen  that  as  the  Fe  concentration  is 
increased  so  the  superconducting  transition  temperature  Tc  is 
progressively  depressed  and  the  width  of  the  transition  to  the 
superconducting  state  broadens.  These  data — corrected  for 
background  and  demagnetizing  effects4 — also  indicate  that 
these  doped  samples  exhibit  no  more  than  about  90%  shield¬ 
ing  in  contrast  to  the  full  shielding  reported  in  the  parent 
compound.  Furthermore,  this  shielding  decreases  as  the  Fe 
doping  increases,  in  contrast  to  the  behavior  reported1  for  Co 
doping.  The  zero-field  resistivity  data  confirm  both  the  de¬ 
pression  of  Tc  and  the  escalating  transition  width  as  the  Fe 
content  increases.  These  data  also  indicate  that  Fe  substitu¬ 
tion  increases  the  residual  resistivity  (above  Tc)  at  a  rate  of 


3-4  pfl  cm/at.  %  Fe,  an  estimate  that  should,  however,  be 
regarded  with  some  reservation  as  it  is  based  on  the  subtrac¬ 
tion  of  a  substantial  residual  term  (~16  jafl  cm)  associated 
with  the  parent  compound;  the  latter  value  cannot  be  attrib¬ 
uted  to  either  form  factor  uncertainties  (since  these  have 
been  calculated  from  measured  lattice  parameters)1  or  voids 
(not  detected  when  cuts  on  arc-melted  buttons  were  exam¬ 
ined  with  an  optical  microscope),  and  while  significant 
strains  in  polycrystalline  specimens  appear  as  a  possible 
source,  they  do  not  result  in  noticeable  x-ray  line  broadening. 
The  residual  resistivity  quoted  above  is  considerably  larger 
than  that  (~3  pTl  cm)  previously  reported5  for  similarly  pre¬ 
pared  YNi2B2C  polycrystals;  it  is,  however,  comparable  with 
that  deduced6  for  HoNi2B2C  and  much  smaller  than  values 
quoted6  for  TbNi2B2C,  DyNi2B2C,  and7  LaRh2B2C.  Interest¬ 
ingly,  in  YPdBC  higher  residual  resistivities  have  been  asso¬ 
ciated  with  higher  Tc  values.  The  longitudinal  magnetoresis¬ 
tance  is  presented  in  Figs.  2  (*  =  0.02)  and  3  (*  =  0.05); 
although  initially  not  as  sharp  as  the  transition  in  the  parent 
compound  (A H  for  the  10%-90%  width  is  0.5  T  at  10.7  K  in 
the  *  =  0.02  specimen,  increasing  to  0.85  T  at  6.1  K  in  the 
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FIG.  1.  The  zero  field  ac  susceptibility  of  the  doped  samples. 
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4  6 

Temperature  (K) 


FIG.  2.  The  longitudinal  magnetoresistance  of  the  x=  0.02  sample  at  various 
fixed  temperatures. 


j  =  0.05  sample,  cf.  0.2  T  at  13  K  in  the  undoped  system4), 
these  transitions  are  sharper  at  the  lowest  measuring  tem¬ 
perature  in  the  doped  specimens  (at  1.5  K  A H~  1  T  in  both 
doped  samples  compared  with  some  2.2  T  in  the  parent)4. 
However,  the  principal  effect  of  these  applied  fields  is  to 
shift  the  transition.  From  these  magnetoresistance  data  it  is 
also  possible  to  estimate  the  upper  (resistive)  critical  field 
Hc2  (here,  taken  either  as  the  field  that  restores  10%  of  the 
normal  state  resistivity  or  as  the  field  at  which  dpIdH  is  a 
maximum).  Figure  4  summarizes  the  temperature  depen¬ 
dence  of  these  two  estimates  for  the  x  =  0.02  and  0.05 
samples,  respectively;  as  in  the  parent  compound4  the  un¬ 
usual  feature  in  this  figure  is  that  there  is  little  evidence  of  a 
saturation  in  Hc2(T )  even  at  the  lowest  measuring  tempera¬ 
ture,  a  feature  that  does  not  depend  on  the  specific  criterion 
used  to  estimate  Hc2{T).  This  behavior  resembles  that  of 
nonoptimally  doped  cuprate  superconductors.8  A  summary  of 
the  dependence  of  the  superconducting  transition  tempera¬ 
ture  Tc  on  Fe  concentration  from  previous1  and  current  work 
is  presented  in  Fig.  5.  The  present  data  show  less  scatter  than 


Applied  Field  (kOe) 

FIG.  3.  As  in  Fig.  2,  but  for  the  x  — 0.05  specimen. 


FIG.  4.  The  temperature  dependence  of  Hcl  for  the  x  =  0.02  samples  (solid 
symbols)  and  x  =  0.05  sample  (open  symbols)  from  point  of  maximum  slope 
of  the  data  in  Figs.  2  and  3,  respectively  (squares)  and  the  field  for  restora¬ 
tion  of  10%  of  the  normal  state  resistivity  (circles). 


those  of  Bud’ko  et  al.}  although  there  is  generally  good 
agreement  between  the  estimates  for  Tc  from  susceptibility 
data  in  Ref.  1  and  the  present  measurements;  current  data 
also  extend  to  higher  Fe  concentration,  a  point  returned  to 
below.  The  dashed  and  solid  lines  in  this  figure  are,  respec¬ 
tively,  fits  to  the  depression  of  Tc  induced  by  spin 
fluctuations9  and  by  a  stable  local  moment10  at  the  Fe  site. 
The  first  model,  also  used  to  fit  the  suppression  of  Tc  below 
that  of  the  host  (Tc0)  by  Co  substitution,2  predicts  that 


/  Tc\_  (a  +  P)c 

\tJ~  gd-Pc)' 


(1) 


where  c  is  the  Fe  concentration,  a=Ni(EF)/N(EF)  is  the 
ratio  of  the  impurity  to  the  host  density  of  states,  while 


FIG.  5.  The  superconducting  transition  temperature  [present  data  estimated 
from  (■)  susceptibility  onset,  (•)  maximum  in  dxIdT,  (A)  resistivity  on¬ 
set,  (▼)  maximum  in  dpIdT,  open  symbols,  Ref.  1]  plotted  against  Fe 
concentration.  The  lines  are  explained  in  the  text. 
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FIG.  6.  The  ac  susceptibility  of  the  *  =  0.01  specimen;  the  static  biasing 
fields  of  0,  100,  500,  750,  and  1000  Oe  increase  from  right  to  left. 


Nj(EF)2Ueff 
P  N(EF)(2l+\)g' 


(2) 


in  which  £/eff  is  the  intra-atomic  Coulomb  repulsion,  g  the 
BCS  coupling  constant,  and  (21  +  1)  accounts  for  orbital  de¬ 
generacy.  In  the  second  approach 


In 


_ 


i  0-i4crc0\ 

2+  c0Tc  )'“  ’ 


(3) 


in  which  c0  is  the  critical  Fe  concentration  for  the  complete 
suppression  of  superconductivity.  is  the  digamma  func¬ 
tion.  While  neither  curve  produces  a  completely  convincing 
fit  to  these  data,  the  dashed  curve  displays  the  opposite  cur¬ 
vature  to  these  data  at  the  highest  Fe  concentration  (the  latter 
being  associated  with  data  acquired  in  the  present  study);  this 
results  in  the  spin-fluctuation  model  utilizing  questionable 
parameter  values  of  [/eff~2X106  eV  and  Ni(Ef)~ 0.6X  10~5 
states/eV  atom  spin  [based11  on  N(Ef)~  0.34  states/ 
eV  atom  spin  and  g  =  0.27];  nevertheless  Nj(Ef)-Ueff>  1,  so 
that  the  static  Hartree-Fock  criterion  for  a  stable  moment  is 
satisfied  at  the  Fe  site.  Recall  that  the  suppression  of  Tc  with 


Co  substitution2  is  consistent  with  the  presence  of  spin  fluc¬ 
tuations  at  the  Co  site,  with  Nt(EF)  •  [/eff~1.06.  The  solid 
line  in  this  figure  represents  a  fit  based  upon  the  stable  mo¬ 
ment  model  with  cQ=  3.5  at.  %  Fe  (x=  0.105)  and  appears  to 
reproduce  the  curvature  evident  in  the  higher  concentration 
data.  While  these  indications  that  the  Fe  site  supports  either 
persistent  spin  fluctuations  or  a  stable  moment  in  this  envi¬ 
ronment  are  admittedly  indirect,  there  is  some  direct  evi¬ 
dence  supporting  this  suggestion;  from  Fig.  6 — a  plot  of  the 
field  dependent  ac  susceptibility  x(H>T)  in  the  x  =  0.01 
sample — the  presence  of  a  small,  temperature  dependent 
paramagnetic  signal  can  be  seen  in  the  region  immediately 
above  Tc.  As  the  current  indications  run  counter  to  those 
drawn  by  Bud’ko  et  all  (based  primarily  on  unpublished 
Mossbauer  data),  we  suggest  that  there  are  still  unresolved 
questions  concerning  the  appropriate  description  of  the  ef¬ 
fects  of  Fe  doping  in  this  host.  An  investigation  of  this  prob¬ 
lem  using  more  sensitive  probes  is  currently  under  way. 
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Magnetic  properties  of  polycrystalline  Sm2_xCexCu04_y  at  high  magnetic 
fields 
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We  have  performed  measurements  of  ac  magnetic  susceptibility  x&c  as  a  function  of  temperature  and 
magnetic  field  on  polycrystalline  specimens  of  Sm2_;cCe^Cu04_:y  (0. 15 ^0.1 8)  prepared  from  a 
sol-gel  precursor.  All  the  samples  studied  show  a  striking  double  resistive  superconducting 
transition.  One  of  the  resistive  transitions  occurs  at  a  higher  temperature  Tci  and  the  other  one  at  a 
lower  Josephson-coupling  temperature  Tcj .  Magnetic  measurements  reveal  the  appearance  of 
superconductivity  below  Tcj  which  is  evident  from  the  resistive  component  x"  which  peaks  only  at 
Tcj.  Measurements  made  on  pellets  and  crushed  samples  with  average  grain  size  —  1  fim  show 
essentially  the  same  features.  This  suggests  that  Josephson  coupling  occurs  inside  physical  grains 
with  dimensions  close  to  5  pxn.  We  have  also  utilized  the  behavior  of  the  peak  in  the  component 
as  a  function  of  applied  magnetic  fields  to  build  a  H  vs  T  phase  diagram  for  these  compounds.  Some 
interesting  features  were  observed  in  this  H  vs  T  phase  diagram:  (1)  a  Ha ,  a— 212,  dependence  at 
low  applied  magnetic  fields  (H^2  kOe)  and  high  temperatures,  and  (2)  an  abrupt  increase  in  the 
magnitude  of  the  exponent  at  high  fields  and  low  temperatures.  The  behavior  at  low  fields  and  high 
temperatures  suggests  that  the  magnetic  response  of  the  system  is  mainly  controlled  by  a  disordered 
Josephson  network.  Possible  connections  between  these  two  different  behaviors  are  discussed. 
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The  magnetic  response  of  high-Tc  cuprates  under  ap¬ 
plied  magnetic  fields  is  still  object  of  some  controversy.  This 
seems  to  be  also  interesting  when  the  compounds  analyzed 
display  the  so-called  double  resistive  superconducting  tran¬ 
sition.  This  unusual  feature  has  been  frequently  observed  in 
electrical  resistivity  p(T)  measurements  carried  out  on  poly¬ 
crystalline  samples  of  electron-doped  superconductors  with 
stoichiometries  Ln2_xCeJCCu04_;v;  Ln=Nd,  Pr,  Sm; 
0.13^x^0.20.1"6  Such  a  property  is  mainly  observed  when 
the  zero  resistance  state  is  attained  through  two  well-defined 
drops  in  the  magnitude  of  p(T).1  The  first  drop,  which  occurs 
at  an  upper  transition  temperature  Tci ,  is  attributed  to  a 
genuine  superconducting  phase,1”6  and  usually  corresponds 
to  an  —25%  fall  in  the  magnitude  of  p( T).  Below  this  tem¬ 
perature,  it  is  believed  that  the  sample  is  comprised  of  small 
superconducting  islands  embedded  in  a  non  superconducting 
host  and  p{T)  exhibits  a  well-defined  plateau  until  reaching  a 
lower  transition  temperature  Tcj.1,2  At  this  lower  tempera¬ 
ture,  Josephson  coupling  develops  between  superconducting 
islands  and  a  second  —75%  sharp  drop  in  p(T)  is  frequently 
observed.  Such  a  drop  ultimately  leads  the  system  to  a  zero 
resistance  state.  These  features  show  certain  similarities 
when  compared  with  a  disordered  network  of  Josephson 
junctions.1-6 

Such  an  explanation  involving  superconducting  islands 
embedded  in  a  nonsuperconducting  host  seems  to  be  a  useful 
tool  in  separating  contributions  from  inter-and-intragrain 
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properties.  In  addition,  such  a  separation  in  these  systems 
can  be  made  by  controlling  both  Tci  and  Tcj  by  means  of  Ce 
doping1,3,4,6  or  oxygen  removal.7 

In  this  work,  we  will  focus  on  additional  properties  of 
the  disordered  Josephson-coupled  network  shown  in  poly¬ 
crystalline  samples  of  Sm2_xCe;cCu04_>.  (0.15^x=s0.18)4 
obtained  from  a  sol-gel  precursor.  We  have  performed  mea¬ 
surements  of  ac  magnetic  susceptibility  Xac  as  a  function  of 
temperature  and  applied  magnetic  fields  in  crushed  samples, 
with  average  grain  size  —1  pm,  and  pellets.  We  found  that 
the  resistive  /  component  peaks  only  at  the  Josephson- 
coupling  temperature  Tcj  in  both  crushed  and  pellets 
samples,  giving  further  evidence  that  superconductivity  is 
mostly  confined  to  small  islands  within  grains.  In  addition,  a 
field  dependence  of  the  )/'  peak  provided  the  behavior  of  the 
so-called  irreversibility  line  in  these  compounds.  We  have 
found  that  the  irreversibility  line  inferred  from  these  experi¬ 
ments  is  characterized  by  an  a=3I2  power  law  near  Tcj ,  but 
shows  a  crossover  to  a  more  rapid  temperature  dependence  at 
low  temperatures. 

Polycrystalline  samples  of  Sm2_A.CeJCCu04_:y 
(0.15^jc^0.18)  were  prepared  using  the  sol-gel  route.  Fur¬ 
ther  details  of  this  chemical  route  and  the  reduction  pro¬ 
cesses  employed  for  these  samples  are  given  elsewhere.2,8 
All  samples  were  characterized  by  x-ray  diffraction  using 
Cu  Ka  radiation  on  a  Rigaku  RU-200B  diffractometer  and 
had  no  additional  phases  except  for  the  *=0.18  sample, 
which  had  small  amounts  of  a  Snq^Ce/)^  spurious  phase.9 

Alternating  current  magnetic  susceptibility  Xac  measure¬ 
ments,  made  on  both  crushed  and  bar-shaped  samples,  were 
performed  with  a  mutual-inductance  bridge  operating  at  fre- 
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Sm2-xCexCu04-y 


1  '  Tcj(H)/Tcj(0) 


FIG.  1.  A  log-log  plot  of  magnetic  field  H  vs  Tcj  of  a  crushed  sample  and 
a  pellet  of  polycrystalline  Sn^  83Ce0 17Cu04_r  The  inset  shows  a  H  vs  TcJ 
plot  of  the  same  data. 

quencies  /  in  the  range  17  Hz^/^5555  Hz  and  modulation 
fields  Hm  in  the  range  0.01  Oe.  External  dc 

magnetic  fields  were  produced  with  a  NbTi  superconducting 
magnet  up  to  35  kOe.  We  have  defined  the  Josephson- 
coupling  temperature  Tcj  as  the  temperature  where  a  peak  in 
the  j^'  component  is  observed.  The  average  grain  size  of  both 
crushed  samples  and  pellets  were  =sl  and  ~5  jam,  respec¬ 
tively. 

It  is  useful  to  begin  this  discussion  with  the  results  of 
Fig.  1  which  shows  a  log-log  plot  of  H  vs  Tcj  obtained  on 
both  crushed  sample  and  pellet  of  a  polycrystalline  sample  of 
Sm1-83Ceai7Cu04_r  As  we  have  discussed  previously,10  the 
Aac(T)  data  of  polycrystalline  samples  of  electron-doped  su¬ 
perconductors  reveal  the  total  absence  of  a  peak  in  the  x 
component  at  Tci .  Indeed,  a  well-defined  peak  in  has  been 
only  observed  at  the  Josephson-coupling  temperature  Tcj  .10 
Such  a  peak  has  been  widely  attributed  to  the  so-called  irre¬ 
versibility  line  in  these  cuprates  and  often  used  for  construct¬ 
ing  H  vs  T  phase  diagrams.  The  first  interesting  feature  of 
these  curves  is  associated  with  the  temperature  dependence 
of  the  so-called  irreversibility  line  in  these  compounds.  It 
seems  that,  within  the  precision  of  our  measurements,  the 
behavior  of  the  irreversibility  line  is  coincident  for  both 
crushed  samples  and  pellets.  Such  an  experimental  result  has 
been  observed  in  all  samples  studied  and  claims  for  an  addi¬ 
tional  discussion. 

Usually,  the  ac  magnetic  response  *ac  °f  polycrystalline 
samples  of  high~Tc  superconductors  shows  two  well-defined 
peaks  in  the  component.11  One  of  these  peaks  occurs  at 
the  temperature  where  the  superconducting  order  parameter 
develops,  i.e.,  at  the  mean-field  critical  temperature  Tc  (or 
more  appropriately  Tci  in  samples  with  the  double  resistive 
superconducting  transition).  The  second  peak  is  believed  to 
occur  at  a  lower  temperature  Tcj ,  where  the  grains  become 
coupled  together  through  Josephson-coupling  or  proximity 
effect.  Since  the  average  grain  size  (~1  [i m)  of  the  crushed 
samples  is  significantly  smaller  than  the  physical  grains  (~5 
^m),  the  peak  in  the  )/'  component  would  be  mostly  associ¬ 
ated  with  Josephson  coupling  within  physical  grains.  Such  an 


FIG.  2.  Magnetic  field  Hm  dependence  of  the  reduced  Josephson-coupling 
temperature  [\-Tcj(H)/Tcj(Q)l  We  have  defined  7^(0)  as  the  temperature 
at  which  V'  peaks  in  zero  applied  magnetic  field.  These  measured  values  of 
7^(0)  are  17.5,  19.3,  13.5,  and  10.6  K  for  samples  of  Sm2_^CeA.Cu04_>, 
with  x =0.15,  0.16,  0.17,  and  0.18,  respectively.  A  change  of  the  exponent  at 
low  temperatures  and  high  fields  is  observed  and  discussed  in  the  text. 


experimental  result  is  also  important  because  it  suggests  that 
superconductivity  in  these  polycrystalline  samples  would  oc¬ 
cur  in  small  island  and  that  the  entire  physical  grains  are  not 
fully  superconducting. 

The  presence  of  small  superconducting  islands  with  av¬ 
erage  size  ranging  between  10  and  300  A  in  polycrystalline 
samples  of  electron-doped  superconductors  has  been  pro¬ 
posed  recently.3,4,6  According  to  Ref.  6,  small  superconduct¬ 
ing  islands,  closely  spaced,  are  interspersed  with  occasional 
large  regions  resulting  in  a  morphology  that  accounts  for  the 
observed  absence  of  a  peak  of  the  ^  component  at  Tci,10 
and  the  observed  absence  of  a  significant  diamagnetism 
above  Tcj  in  these  compounds.1"6  Also,  at  very  low  applied 
magnetic  fields,  there  is  no  evidence  of  detectable  differ¬ 
ences  between  data  taken  on  the  crushed  sample  and  pellet. 
Such  a  behavior  suggests  that,  even  at  very  low  applied  mag¬ 
netic  field,  the  “irreversibility  line”  of  these  compounds 
should  be  mainly  governed  by  the  intragrain  Josephson  cou¬ 
pling. 

Values  of  Tcj(H)  were  extracted  from  curves  of 
A"  (T,H)  and  used  to  construct  the  Hm  vs  [1  -Tcj(H)f 
Tcj( 0)]  plots  shown  in  Fig.  2.  In  the  low-field  regime  (H^2 
kOe)  and  high  temperatures,  all  the  curves  display  the  ex¬ 
pected  behavior  of  a  disordered  Josephson  network,  i.e.,  a 
quasi  de  Almeida-Thouless  boundary  line,  where 
H(Tcj)  =  HQ[l-Tcj(H)ITcj(0)]a,  a=  1.5,  as  discussed  in 
Ref.  10.  Careful  analysis  of  the  curves  also  reveals  that  the 
data  are  described  well  by  this  general  relation.  However,  a 
change  of  exponent  is  easily  observed  in  all  samples  studied. 
Such  a  change  usually  takes  place  at  low  temperatures  and 
applied  magnetic  fields  higher  than  ^3  kOe.  Fits  of  the  data 
show  that  the  exponent  changes  from  a=  1.5  in  the  low-field 
regime  to  3.5-1. 8  in  high  fields.  Indeed,  the  high-field  expo¬ 
nent  decreases  monotonically  with  increasing  Ce  content.  We 
found  a= 3.5,  3.1,  2.4,  and  1.8  for  samples  with  Ce  concen- 
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tration  *=0.15,  0.16,  0.17,  and  0.18,  respectively.  Indeed,  no 
definite  correlation  between  H0  and  the  concentration  of  Ce 
in  this  series  has  been  found. 

Similar  crossover  or  change  in  the  exponent  of  the  irre¬ 
versibility  line  has  been  observed  in  polycrystalline  and 
single-crystals  samples  of  electron-doped 
superconductors.12,13  It  was  found  that  such  a  change  in  the 
exponent  of  the  irreversibility  line  is  not  only  observed  in  the 
electron-doped  superconductor  Smj g5Ce0 15Cu04„:y,  but  also 
in  y1_xPr^Ba2Cu307_£,  oxygen  deficient  YBa2Cu307_^,  and 
Bi2Sr2CaCu208+(5.12  Such  an  effect  has  been  attributed  to  the 
onset  of  strong  correlations  in  the  flux  line  lattice  at  high 
magnetic  fields,  a  universal  feature  of  the  irreversibility  line 
of  high-temperature  superconductors.12  Similar  crossover  has 
been  also  observed  in  single  crystals  of  Nd2_jcCe;cCu04_;y 
with  Tc  varying  from  7  to  19  K.13 

The  results  shown  in  Fig.  2  show  different  features  when 
compared  with  the  ones  described  above.  While  the  data 
seem  to  be  similar  to  those  observed  in  other  high-7c  cu¬ 
prates,  it  is  important  to  notice  that  our  results  were  obtained 
on  samples  which  exhibit  the  double  resistive  superconduct¬ 
ing  transition.4  This  suggests  that,  at  least  for  low  applied 
magnetic  fields,  the  macroscopic  response  of  the  system 
would  be  mainly  associated  with  the  response  of  a  disordered 
array  of  a  Josephson  network.  The  expected  irreversibility 
line  of  such  a  system  would  show  a  de  Almeida-Thouless 
behavior  which  is  controlled  by  the  intrinsic  properties  of  the 
junctions,  as  observed  in  the  experiments.10 

A  reasonable  explanation  for  such  a  crossover  would  in¬ 
voke  a  competition  between  inter-and-intragrain  properties 
of  these  compounds.  At  low  fields  all  the  macroscopic  re¬ 
sponse  of  these  samples  are  controlled  by  the  disordered  ar¬ 
ray  of  Josephson  junctions.  Increasing  magnetic  field  modi¬ 
fies  all  the  properties  of  the  superconducting  islands  and  a 
crossover  of  the  irreversibility  line  would  be  expected. 

However,  if  this  were  the  case,  there  are  few  points  to  be 
addressed.  First  of  all,  there  is  a  change  in  the  exponent  of 
the  irreversibility  line  as  a  function  of  Ce  content  in  this 
series.  It  decreases  from  —3.5  for  the  sample  with  *=0.15  to 
—1.8  for  the  sample  with  *=0.18.  This  seems  to  be  in  com¬ 
plete  agreement  with  the  results  obtained  in  single  crystals  of 
Nd2_JCCejCCu04_:y  (Ref.  13)  which  showed  a  sample- 
dependent  exponent  of  the  irreversibility  line  at  high  mag¬ 
netic  fields.  In  our  case,  it  seems  that  a  sample  dependent 
exponent  would  be  associated  with  a  different  Josephson- 
coupling  temperature.  Furthermore,  we  have  not  found  any 
systematic  correlation  between  the  exponent  of  the  irrevers¬ 
ibility  line  and  the  Ce  content  in  this  series.  We  plan  to 
explore  this  point  further. 


In  summary,  from  the  temperature  and  field  dependence 
of  the  y'  peak  in  pellets  and  crushed  samples  of 
Sm2_JCCeJCCuO 4^y  (0.15^*=^0,18),  we  found  evidence  that 
these  systems  are  comprised  of  small  superconducting  is¬ 
lands  coupled  by  Josephson  junctions.  An  appropriate  H  vs  T 
phase  diagram  reveals  that  the  irreversibility  line  of  these 
samples,  at  low  fields  and  high  temperatures,  shows  the  ex¬ 
pected  exponent  (a=1.5)  of  a  disordered  Josephson  junction 
array.  Also,  we  have  found  a  crossover  to  a  more  rapid  tem¬ 
perature  dependence  at  low  temperatures  and  high  magnetic 
fields.  A  detailed  analysis  of  the  irreversibility  line  shows  no 
correlation  between  the  exponent  at  high  fields  and  the  Ce 
concentration  of  these  samples.  It  has  been  argued  that  such 
a  crossover  of  the  irreversibility  line  would  be  associated 
with  inter-and-intragrain  properties  of  these  polycrystalline 
samples  of  electron-doped  superconductors. 

We  have  benefited  from  stimulating  discussions  with  D. 
Stroud  and  M.  C.  de  Andrade.  This  work  was  partially  sup¬ 
ported  by  the  Brazilian  Agencies  FAPESP  Under  Grant  No. 
93/4204-4  and  the  Brazilian  National  Research  Council 
(CNPq)  Under  Grant  No.  400896/93-1.  Work  at  University 
of  California  was  supported  by  the  DOE  (USA)  Under  Grant 
No.  DE-FG03-86ER45230.  One  of  us  (RFJ)  is  CNPq  re¬ 
search  fellow  Under  Contract  No.  304647/90-0. 
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Thermal  conductivity  of  Bi2Sr2CanCun+1Ox  bulk  superconductors  in  high 
magnetic  fields  (abstract) 

S.  C.  Nakamaea)  and  J.  Schwartzb) 

National  High  Magnetic  Field  Laboratory,  Tallahassee,  Florida  32306-4005 

The  study  of  the  thermal  conductivity  of  high  temperature  superconductors  can  provide  a  theoretical 
understanding  of  the  nature  of  the  charge  carriers,  phonons,  and  scattering  processes  between  them. 

From  the  technological  point  of  view,  thermal  conductivity  influences  the  growth  rate  of  a  local  hot 
spot  in  a  superconductor  and  therefore  it  is  an  important  parameter  in  thermal  stability  analysis. 

Recently,  the  magnetothermal  conductivity  has  been  considered  to  be  a  key  factor  in  the 
understanding  of  the  vortex  mechanisms.  Here  we  report  thermal  conductivity  measurements  of 
bulk  Bi2Sr2Ca„Cu„  +  iOj  superconductors  in  an  applied  magnetic  field  up  to  20  T.  The  measurements 
are  taken  with  field  directions  both  parallel  and  perpendicular  to  the  a-b  plane  of  the  samples  for  a 
wide  range  of  temperatures.  The  phonon  scattering  mechanism  at  vortex  sites,  thermal  transport 
mechanism  in  both  a-b  and  c  directions,  as  well  as  across  grain  boundaries  will  be 
discussed.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)63508-0] 
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Cu  spin  reorientation  in  Ti(BaSr)PrCu207 

W.-H.  Li,  Y.  F.  Lin,  S.  Y.  Wu,  W.  T.  Hsieh,  and  K.  C.  Lee 

Department  of  Physics,  National  Central  University,  Chung-li,  Taiwan  32054,  Republic  of  China 

J.  W.  Lynn 

Reactor  Radiation  Division,  NIST,  Gaithersburg,  Maryland  20899 

C.  C.  Lai  and  H.  C.  Ku 

Department  of  Physics,  National  Tsing  Hua  University,  Hsinchu,  Taiwan  300,  Republic  of  China 

The  Cu  spins  in  TlBa2PrCu207  order  at  7^370  K  with  a  spin  structure  that  is  collinear  and  is 
characterized  by  the  {^1}  wave  vector,  where  the  nearest  neighbor  spins  are  aligned  antiparallel 
along  all  three  crystallographic  directions.  If  50%  of  the  Ba  atoms  are  randomly  replaced  by  the 
smaller  Sr  atoms  to  form  Tl(BaSr)PrCu207 ,  the  TN  of  the  Cu  spins  reduces  to  350  K  but  the 
magnetic  structure  that  forms  below  TN  is  the  same.  However,  at  7^20  K  the  Cu  spins  undergo  a 
change  in  structure,  and  the  spin  arrangement  is  then  characterized  by  the  {555}  wave  vector  below 
7~12  K.  The  ground  state  spin  structure  of  the  Cu  ions  in  Tl(BaSr)PrCu207  is  hence  noncollinear, 
where  the  spin  directions  of  the  nearest  neighbor  Cu  ions  in  the  ab  plane  remain  collinear  and 
antiparallel  while  along  the  c  axis  they  are  orthogonal.  These  results  demonstrate  that  the  atoms  in 
the  BaO  layers  are  also  actively  participating  in  the  coupling  between  the  Cu  ions.  ©  1996 
American  Institute  of  Physics,  [S0021-8979(96)02808-9] 


There  are  two  copper-oxygen  layers  per  unit  cell  in 
TlBa2PrCu207,  and  both  of  them  are  the  so-called 
“Cu02-plane”  layers  in  which  O  atoms  are  present  between 
the  Cu  atoms  along  both  the  a  and  b  axes.1  Neutron  diffrac¬ 
tion  measurements2  have  shown  that  the  magnetic  coupling 
between  the  Cu  spins  is  antiferromagnetic  in  nature,  and  they 
order  at  7^370  K  with  a  spin  structure  that  is  identical  to 
the  “plane  ordering”  observed3  in  the  1:2:3  system  where  the 
nearest  neighbor  Cu  spins  are  aligned  antiparallel  along  all 
three  crystallographic  directions.  The  moment  direction  is  in 
the  tetragonal  ab  plane  with  a  saturated  ordered  moment 
(piz)~ 0.59  fiB,  and  this  spin  structure  of  Cu  remains  un¬ 
changed  down  to  7=1.36  K.  Specific  heat  data4  also  show  a 
sizable  linear  term  that  is  comparable  to  that  found  in  heavy 
fermion  systems. 

To  study  the  role  that  the  atoms  in  the  BaO  layers  play  in 
the  Cu  magnetism,  neutron  diffraction  and  ac  susceptibility 
measurements  have  been  performed  on  the  Tl(BaSr)PrCu207 
compound,  where  50%  of  the  Ba  atoms  in  TlBa2PrCu207 
have  been  replaced  by  Sr  atoms.  Structural  analysis  via  high- 
resolution  neutron  diffraction  has  shown  that  the  Ba  and  Sr 
atoms  in  Tl(BaSr)PrCu207  are  randomly  mixed  in  such  a 
way  that  on  average  there  are  two  (Ba0  5Sr0  5)0  layers,  rather 
than  one  BaO  and  one  SrO  layer,  in  a  unit  cell.  The  magnetic 
studies  that  we  are  reporting  here  show  that  the  replacement 
of  Ba  atoms  by  Sr  causes  only  a  slight  reduction  in  the  or¬ 
dering  temperature  of  the  Cu  spins,  but  increases  the  satu¬ 
rated  ordered  moment  by  50%,  and  alters  the  ground  state 
spin  structure  of  Cu  ions. 

A  polycrystalline  sample  of  Tl(BaSr)PrCu207  was  pre¬ 
pared  by  the  solid-state  reaction  from  fine  powders,  and  the 
details  of  the  preparation  procedure  can  be  found  elsewhere.5 
Neutron  diffraction  measurements  on  the  combined  powder 
samples  were  performed  at  the  Research  Reactor  at  the  U.S. 
National  Institute  of  Standards  and  Technology.  The  data 
were  collected  using  the  BT-9  triple-axis  spectrometer  oper¬ 
ated  in  double-axis  mode.  A  pyrolytic  graphite  PG(002)  crys¬ 


tal  was  used  to  extract  neutrons  of  energy  14.8  meV  (2.351 
A).  A  PG  filter  was  also  employed  to  suppress  higher  order 
wavelength  contaminations,  and  the  angular  collimations 
used  were  40 '-48 '-48'.  About  a  10  g  powder  sample  was 
mounted  in  a  cylindrical  aluminum  can,  and  a  pumped  4He 
cryostat  was  used  to  cool  the  sample. 

Neutron  diffraction  patterns  were  taken  at  several  differ¬ 
ent  temperatures  to  study  the  intensity  variations  with  tem¬ 
perature.  Similar  to  what  has  been  observed3  in  TlBa2Cu307, 
the  {^1}  magnetic  reflection  that  characterizes  the  Cu  spin 
ordering  is  observed  below  350  K.  However,  below  T ^20  K 
this  intensity  was  found  to  decrease.  Figure  1  shows  the  dif¬ 
ference  between  the  diffraction  patterns  taken  at  7=15  K 
and  7=50  K.  The  solid  curve  is  a  fit  of  the  observed  Bragg 
peaks  to  the  Gaussian  instrumental  resolution  function,  with 
the  dashed  line  being  the  base  line,  and  the  indices  shown  are 
based  on  the  chemical  unit  cell.  A  negative  amplitude  was 
obtained  for  the  {\\\}  peak,  clearly  indicating  a  reduction  in 
the  {^1}  intensity  as  the  temperature  is  reduced  from  50  to 
15  K,  while  the  intensities  of  both  the  {\\^  and  {^f}  reflec¬ 
tions  increase.  Hence  there  is  a  change  in  the  magnetic  struc¬ 
ture,  with  the  magnetic  unit  cell  doubling  in  size  along  the  c 
axis. 

A  more  complete  temperature  dependence  of  the  mag¬ 
netic  intensities  is  shown  in  Fig.  2,  where  the  peak  intensities 
of  the  {555}  and  the  {^1}  reflections  measured  over  a  tem¬ 
perature  range  of  1.4  to  450  K  are  presented.  Clearly,  the 
{55I}  intensity  starts  to  develop  at  7^350  K.  This  intensity 
increases  on  cooling  in  the  usual  way,  and  reaches  saturation 
at  7^220  K.  At  7^20  K,  however,  the  {^1}  intensity  starts 
to  decrease,  and  at  low  temperatures  no  significant  magnetic 
intensity  remains.  This  is  accompanied  by  the  development 
of  the  {^22}  types  of  peaks,  demonstrating  that  the  Cu  spins 
undergo  a  change  in  structure. 

A  half-integer  value  for  the  c  axis  miller’s  index  means 
that  the  magnetic  unit  cell  is  double  the  chemical  one  along 
that  axis  direction.6  We  note  that  in  each  chemical  unit  cell 
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FIG.  1.  The  difference  between  the  diffraction  patterns  taken  at  T=  15  K 
and  T=50  K.  As  temperature  is  reduced  from  50  to  15  K,  the  {22^}  intensity 
decreases  while  the  intensities  of  the  {222}  and  (222)  reflections  increase. 
The  solid  line  is  a  fit  to  the  Gaussian  instrumental  resolution  function  with 
the  dashed  line  indicating  the  base  line. 


there  is  one  Cu  ion  along  the  a  and  b  axes  while  there  are 
two  along  the  c  axis.1  The  magnetic  unit  cell  for  the  high-71 
phase,  which  is  characterized  by  the  {\\\}  wave  vector,  hence 
contains  two  Cu  ions  along  each  crystallographic  direction. 
The  proposed  Cu  spin  structure  for  the  high-7  phase  is  a 
collinear  one,  where  the  nearest  neighbor  spins  alternate  in 
direction  along  all  three  crystallographic  directions,  as 
shown  in  Fig.  3(a).  The  moments  lie  in  the  ab  plane;  how¬ 
ever,  its  specific  direction  with  the  ab  plane  cannot  be  deter¬ 
mined  from  our  powder  measurements.  In  Fig.  3(a)  we  have 
simply  chosen  the  moment  direction  of  the  Cu  spins  to  be 
along  the  a  axis  for  clarity.  This  is  the  same  Cu  spin  structure 
as  the  one  observed  for  TlBa2PrCu207,2  TlBa2YCu207,7  and 
NbBa2NdCu208.8  Furthermore,  by  comparing  the  {55I}  in- 
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FIG.  2.  Temperature  dependence  of  the  (a)  {551}  and  (b)  {333}  intensities 
observed  in  Tl(BaSr)PrCu207 .  The  ordering  temperature  of  the  Cu  spins  is 
determined  to  be  7^-350  K,  and  the  solid  curve  is  a  guide  to  the  eye  only. 
The  downturn  in  the  {^1}  intensity  at  low  temperature  is  accompanied  by 
the  development  of  the  {^22}  intensity,  and  signifies  a  Cu  spin  reorientation 
to  a  new  magnetic  structure  occurs  in  this  temperature  range. 


(a)  High  Temperature  (b)  Low  Temperature 
Phase  Phase 


FIG.  3.  The  Cu  spin  configurations  observed  in  Tl(BaSr)PrCu207  at  (a)  high 
and  (b)  low  temperatures.  At  high  temperatures  the  nearest  neighbor  Cu 
spins  alternate  along  all  three  crystallographic  directions,  while  at  low  tem¬ 
peratures  the  nearest  neighbor  Cu  spins  along  the  c  axis  are  orthogonal. 


tensity  obtained  at  7=50  K  to  the  {001}  nuclear  intensity,  a 
saturated  ordered  moment  of  (fiz)= 0.89  ±0.05  fxB  was  ob¬ 
tained  for  the  Cu  ions.  This  value  of  the  ordered  moment  is 
50%  larger  than  the  0.59  jjlb  obtained  for  TlBa2PrCu207. 

Below  the  second  magnetic  transition  at  20  K  the  mag¬ 
netic  unit  cell  along  the  c  axis  also  becomes  double  the 
chemical  one,  which  means  there  are  four  Cu  ions  along  the 
c  axis  in  the  magnetic  unit  cell.  The  simplest  Cu  spin  ar¬ 
rangement  along  the  c  axis  is  the  one  where  the  spin  direc¬ 
tions  of  the  nearest  neighbor  Cu  ions  differ  by  90°.  The 
nearest  neighbor  spins  along  the  a  and  b  axes,  on  the  other 
hand,  remain  antiparallel.  This  low- 7  phase  for  the  Cu  spin 
structure  is  noncollinear  and  is  shown  in  Fig.  3(b).  The  pro¬ 
posed  spin  structure  is  supported  by  the  observed  relative 
intensity  between  the  {555}  and  {^§}  reflections,  assuming  the 
magnitude  of  the  moments  on  the  two  Cu02  layers  are  the 
same.  Moreover,  the  value  obtained  for  (/jlz)  using  the  {555} 
intensity  observed  at  7=1.4  K  is  the  same  value,  within 
experimental  accuracy,  as  the  one  obtained  in  the  high- 7 
phase.  This  result  further  supports  the  argument  that  the 
downturn  in  the  {\\\}  intensity  together  with  the  develop¬ 
ment  of  the  {^§}  intensity  are  simply  due  to  Cu  spin  reori¬ 
entation. 

At  intermediate  temperatures,  i.e.,  below  20  K  and  above 
12  K,  the  Cu  spin  structure  may  be  obtained  by  superimpos¬ 
ing  the  structures  of  the  high- 7  and  low-7  phases,  with  a 
weighting  which  depends  on  temperature.  A  noncollinear  Cu 
spin  structure  such  as  the  one  found  for  the  low-7  phase  is 
still  obtained  in  this  temperature  range,  but  the  angle  be¬ 
tween  nearest  neighbor  Cu  spins  along  the  c  axis  varies  con¬ 
tinuously  with  temperature. 

The  ac  susceptibility  was  measured  using  a  Lake  Shore 
7221  ac  susceptometer.  Polycrystalline  samples  of  ~lg  were 
loaded  into  a  cylindrical  plastic  container  which  has  a  height 
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FIG.  4.  Portion  of  the  in-phase  component  of  the  ac  susceptibility  measured 
as  a  function  of  temperature.  The  solid  line  is  a  fitted  Curie-Weiss  curve 
using  the  data  collected  in  the  temperature  range  of  30-200  K.  The  suscep¬ 
tibility  shows  a  sudden  drop  around  240  K,  that  signifies  the  Cu  spin  disor¬ 
dering. 

much  greater  than  its  radius,  and  a  conventional  4He  flow 
cryostat  was  used  to  cool  the  sample,  with  a  lowest  achiev¬ 
able  temperature  of  4.5  K.  Figure  4  shows  a  portion  of  the 
in-phase  component  of  the  ac  susceptibility  measured  with  a 
driving  magnetic  field  of  1  Oe  and  frequency  104  Hz.  Mea¬ 
surements  made  using  a  different  field  strength  or  a  different 
frequency  generated  the  same  results,  indicating  the  Cu  spin 
relaxation  rate  is  far  beyond  the  frequency  used,  as  expected. 
The  low-temperature  portion  of  the  data  shown  in  Fig.  4  may 
be  well  described  by  the  Curie-Weiss  law,  and  the  solid  line 
shown  is  a  fit  of  the  data  to  ^0+C/(r  +  6)  for  30  K <T <200 
K.  This  Curie-Weiss  behavior  signifies  the  paramagnetic 
state  of  the  Pr  spins,  which  order  at  T^5  K.  Around  240  K, 
the  susceptibility  is  seen  to  depart  from  the  Curie-Weiss  line 
shown,  which  is  where  significant  Cu  spin  disorder  begins  to 
occur. 


In  summary,  we  have  studied  the  Cu  spin  ordering  in 
Tl(BaSr)PrCu207  by  neutron  diffraction  and  ac  susceptibility 
measurements.  By  comparing  the  results  obtained  in  the 
present  study  to  that  obtained  previously2  in  TlBa2PrCu207, 
it  is  clear  that  the  atoms  in  the  BaO  layer  are  also  actively 
participating  in  the  magnetic  coupling  between  the  Cu  ions, 
especially  along  the  c  axis.  Although  both  the  Ba  and  Sr  ions 
have  a  valence  state  of  2+,  replacing  Ba2+  by  the  smaller 
Sr24*  should  still  lead  to  a  modification  of  the  hybridization 
among  the  atoms  in  the  unit  cell.  The  present  studies  show 
that  the  coupling  between  the  Cu  spins  along  the  c  axis  is 
affected  more  strongly  by  the  substitution  than  those  in  the 
ab  plane.  As  50%  of  the  Ba  atoms  are  replaced  by  Sr  atoms, 
the  Tn  of  the  Cu  spins  is  only  slightly  reduced,  while  the 
ground  state  spin  structure  is  changed  from  a  collinear  spin 
state  into  a  complicated  noncollinear  spin  state.  It  would  be 
interesting  to  see  how  the  Cu  spin  structure  is  changed  by 
different  degrees  of  substitution. 

The  research  at  the  NCU  was  supported  by  the  National 
Science  Council  of  the  Republic  of  China  under  Grant  No. 
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The  magnetic  response  of  the  Tb  spins  in  Pb2Sr2TbCu307  to  the  applied  magnetic  field  have  been 
studied  by  ac  susceptibility  measurements.  Both  the  in-phase  component  x'  and  the  out-of-phase 
component  of  ac  susceptibility  are  found  to  be  sensitive  to  the  frequency  but  not  to  the  strength 
of  the  driving  field.  At  high  temperatures  x  exhibits  Curie- Weiss  behavior,  it  departs  from  this 
behavior  as  the  magnetic  correlations  between  the  Tb  spins  develop,  and  a  cusp  which  is  typical  of 
antiferromagnetic  ordering  is  clearly  revealed  at  lower  temperatures.  The  correlated  Tb  spins 
respond  “better”  to  a  driving  magnetic  field  which  has  a  lower  frequency.  The  relative  maximum  of 
the  dx’fdT  versus  T  plot  matches  to  the  TN  determined  using  neutron  diffraction  measurements. 

This  relative  maximum  continues  to  occur  at  the  same  temperature  as  the  frequency  of  the  driving 
field  is  varied.  It,  however,  shifts  to  a  lower  temperature  as  a  dc  external  field  is  applied,  indicating 
the  antiferromagnetic  coupling  between  the  Tb  spins  are  weaken  by  the  dc  field.  Moreover,  the 
thermal  behavior  of  /  exhibits  a  well-defined  peak  around  the  transition  temperature,  and  a  dc  field 
of  strength  5  kOe  smears  the  peak.  ©  1996  American  Institute  of  Physics. 

[S0021-8979(96)02908-5] 


The  magnetic  interactions  between  the  Tb  spins  in 
Pb2Sr2TbCu308  are  two-dimensional  (2D)  and  antiferromag¬ 
netic  (AF)  in  nature.  The  2D  magnetic  correlations  between 
the  Tb  spins  develop  below  7^9  K,  and  they  order  two 
dimensionally  at  TN^53  K.  Even  at  7=1.36  K  the  mag¬ 
netic  correlations  are  still  mainly  2D,  with  nearest  neighbor 
spins  within  the  ab  plane  aligned  antiparallel.1  The  2D  na¬ 
ture  of  the  Tb  spins  mainly  originates  from  the  crystallo¬ 
graphic  structure,  where  the  Tb  atoms  form  an  orthorhombic 
sublattice  with  a~b  and  c~ 4a: 2,3  Highly  anisotropic  mag¬ 
netic  interactions  between  the  Tb  ions  are  hence  anticipated, 
and  2D  magnetic  behavior  is  expected.  In  comparison  to  its 
isostructural  compounds  Pb2Sr2RECu308  (RE = rare  earth), 
the  Tn~ 5.3  K  for  the  Tb  spins  is  lower  than  the  f^8K  for 
Pr,4  but  is  much  higher  than  7^  2.4  K  for  Gd.3  It  is  clear 
that  the  TN  for  Tb  is  much  higher  than  expected  based  on 
purely  dipolar  interactions,  and  likely  exchange  interactions 
are  responsible  for  the  Tb  ordering. 

The  measurement  of  ac  susceptibility  remains  one  of  the 
most  powerful  methods  in  studying  the  response  of  spin  sys¬ 
tems  to  an  applied  magnetic  field.5  Both  the  in-phase  com¬ 
ponent  x'  and  the  out-of-phase  component  of  the  ac  sus¬ 
ceptibility  characterize  the  energy  exchange  between  the  spin 
system  and  the  ac  field.  The  in-phase  component  reflects  the 
response  of  the  system  to  the  ac  field,  while  the  out-of-phase 
component  corresponds  to  the  dissipation  signal.6  In  this  ar¬ 
ticle  we  present  the  results  of  the  ac  susceptibility  measure¬ 
ments  performed  on  polycrystalline  Pb2Sr2TbCu308  com¬ 
pound  with  and  without  an  applied  external  dc  field.  Our  aim 
is  to  study  the  response  of  the  Tb  spins  to  different  driving 
frequencies. 

Polycrystalline  samples  of  Pb2Sr2TbCu308  were  pre¬ 
pared  by  solid-state  reaction  from  fine  powders.  The  details 
of  the  preparation  procedure  can  be  found  elsewhere.3  The 
samples  were  characterized  using  x-ray  diffraction  and  the 
diffraction  pattern  taken  at  room  temperature  is  well  de¬ 


scribed  by  the  orthorhombic  Pb2Sr2YCu308  structure.2  The 
ac  susceptibilities  were  measured  using  a  Lake  Shore  7221 
ac  susceptometer,  which  is  capable  of  measuring  both  the 
in-phase  and  out-of-phase  components  of  the  susceptibility 
driving  by  ac  fields  ranging  from  0.1  to  25  Oe  rms  with 
frequencies  from  1  to  104  Hz.  A  dc  magnetic  field  with 
strength  up  to  1  T  may  also  be  applied.  Powder  samples  of 
~1  g  were  loaded  into  a  cylindrical  plastic  container  which 
has  a  height  much  greater  than  its  radius,  and  a  conventional 
4He  flow  cryostat  was  used  to  cool  the  sample,  with  a  lowest 
achievable  temperature  of  4.5  K. 

The  ac  susceptibility  was  measured  over  a  temperature 
range  of  4.3-320  K  using  driving  fields  of  strength  1  Oe  at 
various  frequencies.  Measurements  made  using  a  different 
strength  for  the  driving  field  generated  essentially  the  same 
results.  At  high  temperatures,  the  thermal  behavior  of  x  is 
well  described  by  the  Curie-Weiss  law  C/(7+  0)  that  signi¬ 
fies  the  paramagnetic  state  of  the  Tb  spins.  A  small  tempera¬ 
ture  independent  term  Xo »  however,  is  also  needed  in  de¬ 
scribing  the  data,  and  this  term  is  found  to  depend  weakly  on 
the  frequency  of  the  driving  field.7  At  low  temperatures,  on 
the  other  hand,  a  cusp  which  characterizes  the  antiferromag¬ 
netic  ordering1  of  the  Tb  spins  is  clearly  revealed.  A  com¬ 
parison  of  the  response  of  the  Tb  spins  to  different  driving 
frequencies  is  shown  in  Fig.  1,  where  the  \ {  measured  at 
three  different  frequencies  with  x'o  has  been  subtracted  from 
the  data  were  plotted  against  temperature. 

Above  —16  K,  x'-Xo  obtained  at  different  frequencies 
agree  very  well,  and  this  agreement  holds  up  to  the  highest 
temperature  studied  of  7=320  K.  The  solid  line  shown  in 
Fig.  1  is  the  fitted  Curie-Weiss  curve  using  the  data  obtained 
at  30  K^7^320  K  (not  shown).  The  effective  moment  /^eff 
that  we  obtained  using  the  fitted  value  for  the  Curie-Weiss 
constant  C  is  8.64(3)  ixB ,  which  is  about  10%  smaller  than 
the  value  of  9.72  ptB  expected  for  Tb3+  free  ions.  This  dis¬ 
crepancy  likely  originates  from  crystal  field  effects.  More- 
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FIG.  1.  Frequency  dependence  of  the  thermal  behavior  of  x'  measured  at 
zero  dc  field.  The  data  were  plotted  with  the  temperature -independent  term 
subtracted.  The  solid  line  is  the  fitted  Curie- Weiss  curve  using  the  data 
obtained  at  30  K<  T <  320  K. 


over,  a  value  of  0=21  K  was  obtained  from  the  fit  for  Curie- 
Weiss  temperature.  This  is  the  temperature  at  which  x 
departs  from  the  Curie- Weiss  behavior,  and  below  which 
x'~Xo  measured  at  different  frequencies  begin  to  show  dis¬ 
crepancies.  The  observed  frequency-independent  character  of 
the  Curie-Weiss  behavior  indicating  that  the  relaxation  rate 
of  the  paramagnetic  Tb  spins  is  far  beyond  the  driving  fre¬ 
quency  used,  as  expected.  The  correlated  Tb  spins,  on  the 
other  hand,  respond  differently  to  different  driving  fre¬ 
quency.  They  respond  “better”  to  a  lower  frequency,  as  the 
cusp  goes  higher  when  lower  driving  frequency  was  used. 
This  frequency-dependent  behavior  indicates  that  the  relax¬ 
ation  rate  of  the  correlated  Tb  spins  is  somehow  far  below 
that  of  the  paramagnetic  Tb  spins. 

Figure  2  shows  the  effect  of  dc  field  on  where  the 
data  were  taken  using  a  driving  field  of  1  Oe  rms  and  fre¬ 
quency  100  Hz.  At  high  temperatures,  no  obvious  change  on 
X  was  found  due  to  the  present  of  dc  fields  with  strength  up 
to  1  T,  that  indicating  1  T  may  not  be  strong  enough  to  alter 
the  paramagnetic  Tb  spins.  At  low  temperatures,  however, 
the  cusp  which  characterizes  the  Tb  spins  ordering  is  affected 
by  the  dc  field.  Figure  1(a)  clearly  shows  that  the  cusp  shifts 
slightly  upward,  its  maximum  moves  to  a  lower  temperature 
as  a  dc  field  was  applied.  We  note  that  the  temperature  at 
which  x'  shows  a  maximum  is  not  the  ordering  temperature 
of  the  Tb  spins,  rather  it  is  the  temperature  at  which  dx'  IdT 
shows  a  maximum  that  matches  to  the  ordering  temperature 
determined  from  neutron  diffraction  measurements.8  Figure 
2(b)  shows  the  temperature  dependence  of  dx  IdT  obtained 
at  various  dc  field,  where  well-defined  peaks  are  clearly  seen. 
As  dc  field  was  increased,  however,  the  peak  broadens  and 
its  maximum  shifts  to  a  lower  temperature.  The  maximum  of 
dx' IdT  at  a  zero  dc  field  occurs  at  T=53  K,  which  is  con¬ 
sistent  with  the  ordering  temperature  measured  by  neutron 
diffraction.1  This  maximum  shifts  to  4.8  K  as  a  dc  field  of  1 
T  was  applied.  These  behavior  suggests  that  the  antiferro¬ 
magnetic  coupling  between  the  Tb  spins  have  been  weak¬ 
ened  by  the  dc  field. 

Portions  of  the  temperature  behavior  of  x"  measured  at 
different  dc  fields  are  shown  in  Fig.  3,  where  the  data  were 
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FIG.  2.  The  low-temperature  portion  of  the  thermal  behavior  of  (a)  x'  and 
(b)  its  temperature  derivative  dx' IdT  measured  with  dc  fields  applied.  The 
relative  maximum  of  dx' IdT  shifts  to  a  slightly  lower  temperature  as  dc 
field  was  increased. 


taken  using  a  driving  field  of  1  Oe  rms  and  frequency  100 
Hz.  At  high  temperatures,  where  Tb  spins  are  completely 
disordered,  and  at  low  temperatures,  where  the  Tb  spin  order, 
y'  almost  remains  at  constant.  Only  in  the  temperature  range 
where  transition  occurs  y"  departs  from  the  constant  value 
and  exhibits  a  peak  in  its  thermal  dependence.  The  peaks 
shown  in  Fig.  3  may  be  described  by  Lorentzian  functions. 
At  zero  dc  field,  the  maximum  of  \ {  occurs  at  a  temperature 
slightly  above  the  ordering  temperature.  As  dc  field  is  ap¬ 
plied  the  peak  shifts  to  a  slightly  higher  temperature,  the 
width  increases,  and  the  amplitude  decreases.  A  dc  field  of 
strength  0.5  T  almost  washes  out  the  peak.  Figure  4  shows 
the  integrated  dissipation  signal  as  a  function  of  the  applied 
dc  field,  where  the  data  were  obtained  by  integrating  over  the 
peaks  shown  in  Fig.  3.  Clearly,  the  ac  loss  over  the  transition 


FIG.  3.  Temperature  dependence  of  the  dissipation  signal  x"  measured  at 
different  dc  fields.  At  zero  dc  field,  the  thermal  behavior  of  x>'  exhibits  a 
well-defined  peak;  a  dc  field  of  0.5  T  then  smears  the  peak. 
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FIG.  4.  The  integrated  ac  losses  plotted  as  a  function  of  temperature.  The 
solid  curve  is  a  fit  to  the  exponentially  decaying  function. 

decreases  with  an  increasing  dc  field,  and  the  rate  of  decrease 
may  be  described  by  an  exponentially  decaying  function. 
The  solid  curve  shown  in  Fig.  4  is  a  fit  to  A 0  exp(—  aHdc). 

In  summary,  we  have  studied  the  response  of  Tb  spins  in 
Pb2Sr2TbCu308  to  a  weak  ac  magnetic  field,  with  and  with¬ 
out  an  additional  dc  field  was  applied.  The  ordered  Tb  spins 
are  found  to  be  sensitive  to  the  frequency  but  not  to  the 
strength  of  the  driving  field,  while  the  paramagnetic  Tb  spins 
are  not  sensitive  to  the  frequency  nor  to  the  strength.  These 
results  suggesting  that  the  relaxation  time  of  the  correlated 


Tb  spins  are  relatively  long  in  comparison  with  the  uncorre¬ 
lated  Tb  spins.  The  relative  maximum  of  dx'/dT,  which 
matches  to  the  ordering  temperature  determined  by  neutron 
diffraction,  shifts  to  a  slightly  lower  temperature  as  a  dc  field 
is  applied,  indicating  the  antiferromagnetic  coupling  between 
the  Tb  spins  has  been  weakened  by  the  dc  field.  It  would  be 
interesting  to  see  how  strong  a  dc  field  is  needed  to  flip  the 
correlated  Tb  spins  over  to  a  direction  perpendicular  to  the 
field. 
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Magnetic  relaxation  in  ceramic  cylindrical  samples  of  BiPbSrCaCuO  high  Tc  superconductors  has 
been  studied  as  a  function  of  applied  magnetic  field  for  a  constant  decay  rate  of  that  field  strength. 

We  have  analyzed  the  variation  of  the  ac  susceptibility  versus  time  just  after  removing  the  magnetic 
field.  Data  have  been  obtained  by  means  of  an  inductive  technique  from  1  to  3600  s,  with  magnetic 
fields  that  range  from  10  to  100  Oe,  and  by  switching  off  the  field  at  a  constant  rate  of  25  Oe/s.  The 
field  dependence  of  the  thermally  activated  parameters  has  been  obtained  within  the  framework  of 
the  Anderson-Kim  theory  and  using  the  so-called  box  distribution  of  energies.  Anderson-Kim 
considered  a  logarithmic  decay  of  the  magnetic  flux  governed  by  an  effective  energy  U—  Uq  —  F.VX , 
where  U0  is  the  pinning  energy,  V  is  the  activation  volume,  X  the  pinning  length,  and  F  the  driving 
force  density.  In  this  case  we  have  found  a  field  dependence  of  the  form  H~~n  for  the  pinning  energy, 
with  n  close  to  2  and  temperature  dependent.  However,  we  have  observed  that  the  box  distribution, 
which  assumes  the  existence  of  a  continuous  energy  spectrum,  shows  no  field  dependence  for  the 
effective  energy.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)41208-3] 


I.  INTRODUCTION 

Magnetic  relaxation  studies  in  high  Tc  superconductors 
(HTSCs)  have  received  considerable  attention  from  many 
researchers.1”6  These  studies  help  us  to  understand  the  bulk 
properties  of  superconductors  and  also  reveal  information 
about  vortex  dynamics  and  flux  distribution  within  these  ma¬ 
terials.  Magnetic  relaxation  can  be  studied  by  analyzing  the 
time  evolution  of  magnetic  susceptibility. 

The  Anderson  and  Kim  theory,7,8  developed  by  Beasley 
et  al  ,9  shows  that  the  time  evolution  of  the  magnetization  is 
logarithmic  following  a  change  in  the  external  magnetic 
field.  In  conventional  type-II  superconductors  this  evolution 
is  related  to  the  decay  of  persistent  currents,  caused  by  the 
thermally  activated  jumps  of  vortices  over  their  pinning 
barriers.7  This  effect  is  thought  to  be  small  in  conventional 
superconductors,  but  in  HTSCs  with  higher  critical  tempera¬ 
tures  it  can  be  important.  However,  initial  nonlogarithmic 
behavior  has  been  found  in  HTSCs,  which  is  assumed  to  be 
caused  by  the  transient  diffusion  redistribution  of  the  mag¬ 
netic  flux  over  the  sample  after  the  change  in  the  applied 
magnetic  field.10  This  kind  of  dependence  can  be  represented 
by  introducing  a  time  constant  r  to  describe  the  initial 
stage.10  The  value  of  r  depends  on  the  macroscopic  param¬ 
eters  such  as  geometry  and  also  on  the  decay  rate  of  the 
applied  magnetic  field. 

Another  way  to  explain  thermally  activated  processes  is 
to  suppose  the  existence  of  an  exponential  decay  obeying 
Debye  kinetics.  In  HTSCs  this  model  is  introduced  using 
distributions  of  activation  energies  because  the  theory  as¬ 
sumes  that  a  single  process  is  too  simple  for  these  kinds  of 
materials.3  There  are  several  distributions  to  be  used,  but  a 
box  distribution  has  proved  to  give  similar  results  to  that  of  a 
gaussian  distribution  and  is  far  simpler. 

In  this  work,  we  have  studied  the  time  evolution  of  the 
ac  susceptibility  in  polycrystalline  samples  of  BiPbSrCaCuO 
HTSCs  cooled  in  different  magnetic  fields,  just  after  remov¬ 
ing  the  field.  We  have  analyzed  the  field  dependence  of  the 
energies  involved  in  relaxation  processes  for  both  models. 
We  have  fitted  our  relaxation  data  to  Anderson -Kim’s  model 


and  we  have  found  a  field  dependence  of  the  pinning  energy 
UQ  of  the  form  H~n .  In  the  case  of  a  box  distribution,  no 
field  dependence  for  the  effective  activation  energy  box  has 
been  found. 

II.  EXPERIMENT 

The  ceramic  samples  of  Bq  7Pba3SrCai gCuO*  were  pre¬ 
pared  from  the  appropriate  mixtures  of  high  purity  BiO, 
PbO,  SrCO,  CaCO,  and  CuO.  The  powders  were  milled  and 
prefired  for  14  h  in  air  at  800  °C.  The  mixture  was  dry 
pressed  in  a  cylindrical  die,  preheated  at  845  °C  for  72  h  and 
then  sintered  at  850  °C  for  200  h  in  air.  The  data  reported 
here  were  obtained  using  samples  of  cylindrical  shape,  10 
mm  in  length  and  5  mm  in  diameter. 

Susceptibility  measurements  were  performed  with  the 
help  of  a  computer-aided  system  based  on  the  use  of  an 
automatic  bridge  that  registers  the  complex  mutual  induc¬ 
tance  of  two  coils  wound  around  the  specimen  under  test.4 
The  real  (x)  and  imaginary  (Y')  parts  of  the  complex  mag¬ 
netic  susceptibility  can  be  determined  from  the  mutual 
inductance.5  The  magnetic  field  is  controlled  with  a  program¬ 
mable  dc  power  supply  connected  to  the  computer  which 
allows  us  to  change  the  field  and  the  decay  rate.  Although  the 
real  and  imaginary  parts  are  easily  obtained,  we  have  only 
used  the  data  from  the  real  part  for  the  fits  because  the  signal 
to  noise  ratio  is  better. 

Magnetic  relaxation  takes  place  when  there  is  a  change 
in  the  external  magnetic  field.  It  can  be  studied  by  cooling 
the  sample  in  a  magnetic  field  and  then  switching  off  the 
field,  or  cooling  without  a  field  and  then  applying  it.  In  the 
first  case  we  talk  about  flux  expulsion  while  in  the  second 
case  we  study  flux  penetration.1  Relaxation  depends  on  the 
magnitude  of  the  magnetic  field  and  the  decay  rate,  and  con¬ 
sequently  these  parameters  must  be  carefully  controlled  dur¬ 
ing  the  experiment.  In  our  measurements  the  sample  was 
cooled  from  the  normal  state  under  a  longitudinal  dc  field  to 
the  chosen  temperature,  and  when  the  required  stability  is 
attained  [better  than  0.03  K  (Ref.  4)],  the  magnetic  field  is 
switched  off  with  a  constant  decay  rate  of  25  Oe/s  which  can 
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FIG.  1.  Time  evolution  of  the  real  part  of  the  magnetic  susceptibility  for 
different  magnetic  fields  at  82  K  (frequency=20  kHz  and  hac=\2  Oe). 


0  20  40  60  80  100  120 

H  (Oe) 

FIG.  2.  Field  dependence  of  the  pinning  energy  at  T—  82  K  and  T=  88  K. 
Values  are  normalized  to  £/0(10  Oe,  82  K)  and  t/o(10  Oe,  88  K),  respec¬ 
tively. 


be  considered  an  average  value  in  the  literature.10  The  first 
measurement  is  taken  1  s  after  the  field  reaches  0  and  data 
are  recorded  up  to  3600  s.  We  have  measured  the  relaxation 
for  different  temperatures  by  cooling  the  samples  under  mag¬ 
netic  dc  fields  of  10,  15,  25,  50,  and  100  Oe. 


III.  RESULTS  AND  DISCUSSION 


The  relaxation  study  in  our  samples  has  been  carried  out 
by  analyzing  the  time  evolution  of  the  ac  susceptibility.  Fig¬ 
ure  1  shows  a  typical  result  of  the  real  part  of  ac  susceptibil¬ 
ity  normalized  to  the  first  datum  point,  versus  time  when  the 
sample  is  cooled  in  different  magnetic  fields.  The  variation 
of  the  ac  susceptibility  with  time  has  been  analyzed  using  the 
Anderson-Kim  theory7,8  that  predicts  a  logarithmic  time  de¬ 
pendence  for  the  relaxation  of  the  magnetic  susceptibility 
which  can  be  written  in  the  form: 


*(0  =  Xo 


kT 


(1) 


where  *0  is  the  real  part  of  the  magnetic  susceptibility  at  time 
t—  0,  and  ris  a  macroscopic  time  constant  that  depends  on 
the  sample  geometry  and  the  decay  rate  of  the  applied  mag¬ 
netic  field.9  U0  is  the  activation  energy  of  the  barrier  in  the 
absence  of  any  flux  gradient  (pinning  energy),  T  is  the  tem¬ 
perature,  and  k  is  the  Boltzmann  constant.  Thermally  acti¬ 
vated  motion  of  vortices  is  assisted  by  the  driving  force  den¬ 
sity  F,  which  is  a  function  in  our  cylindrical  samples  of  |F|  v 
and  V|B|.8  Anderson  and  Kim  used  a  linear  relation 
U-Uq-FVX  between  the  effective  energy  ( U)  and  the  pin¬ 
ning  energy  in  terms  of  the  activation  volume  V  and  the 
pinning  length  X . 

In  previous  measurements  we  have  found  that  the  pin¬ 
ning  energy  increases  with  temperature  as  other  researchers 
have  also  reported.10  Fitting  the  experimental  data  to  this 
model  we  have  also  found  that  the  pinning  energy  decreases 
when  the  applied  magnetic  field  increases  (Fig.  2).  We  have 
fitted  the  field  dependence  of  the  pinning  energy  to  an  ex¬ 


perimental  law  of  the  form  U0=  a+  f3/Hn  (Ref.  2)  for  dif¬ 
ferent  temperatures.  We  have  found  that  the  exponent  n  is 
close  to  2  (i.e.,  n—  1.7  at  82  K  and  n  —  2.1  at  88  K)  and  the 
constant  a  increases  with  the  temperature,  as  expected. 
These  values  are  comparable  to  those  obtained  by  Foldeaki 
et  al ? 

Due  to  the  discrepancies  founded  with  the  logarithmic 
fitting  for  the  data  close  to  t=0,  we  tried  a  nonlogarithmic 
theory.  For  this  purpose  we  have  also  used  the  Debye  theory 
to  describe  magnetic  relaxation,  as  it  has  been  used  in  other 
magnetic  materials.11,12 

Magnetic  relaxation  in  Debye  theory  can  be  described  by 
an  exponential  law  of  the  form: 

x(t,T)  =  Xo(T)-Ax  exp(-f/r),  (2) 

where  A^=^(0)— xi™)  and  ris  the  relaxation  time.  We  tried 
to  fit  our  measurements  to  this  equation,  but  the  fits  were  not 
very  good.  Therefore,  to  obtain  a  better  description,  a  distri¬ 
bution  of  relaxation  times  was  assumed.3  In  this  case,  we  can 
write  the  time  evolution  of  the  susceptibility  in  the  form: 

x(t,T)  =  Xo(T)-hX  [  2p(U)[l-exp(-t/r)]dU,  (3) 
Jul 

where  p(U)  is  the  normalized  distribution  of  energies,  rthe 
relaxation  time  which  obeys  an  Arrhenius  expression, 
t=t0  exp(  U/kT),  and  Ux  and  U2,  respectively,  the  lower 
and  upper  limits  of  the  energy  distribution.  Many  distribu¬ 
tions  can  be  chosen  but,  although  a  gaussian  distribution  is 
physically  more  realistic,  a  box  distribution  gives  similar  re¬ 
sults  and  is  mathematically  much  simpler  as  other  workers 
have  shown.13  In  the  case  of  a  box  distribution,  p(U)  takes 
the  form  p(U)  =  l/(U2-Ul)  if  U2<  U<UX  and  0  other¬ 
wise. 

The  existence  of  a  box  distribution  could  be  explained  in 
this  way:  if  we  suppose  that  there  is  a  pinning  energy,  the 
interactions  between  vortices  reduce  the  effective  energy, 
and  when  flux  expulsion  occurs  there  are  less  vortices.  The 
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TABLE  I.  Field  dependence  of  box  distributions  for  T=  82  K  and  T=  88  K, 
respectively. 


H  (Oe) 

10 

15 

25 

50 

100 

U  i  (eV) 

0.14 

0.14 

0.13 

0.13 

0.13 

U2  (eV) 

0.19 

0.19 

0.19 

0.19 

0.19 

H  (Oe) 

10 

15 

25 

50 

100 

I/i  (eV) 

0.15 

0.14 

0.14 

0.14 

0.14 

U2  (eV) 

0.21 

0.20 

0.20 

0.20 

0.20 

interactions  are  then  smaller  and  so  the  effective  energy  in¬ 
creases  with  time,  because  the  interaction  decreases  and  the 
process  slows  down.14 

We  have  fitted  our  data  to  this  model  by  means  of  a 
nonlinear  fitting  program  which  integrates  numerically  the 
expression  (3).  In  Table  I  we  present  the  results  of  the  fits  for 
the  different  fields.  We  have  also  tried  an  asymmetrical 
gaussian  distribution,  finding  that  the  maximum  is  near  to  the 
center  of  the  box  distribution.  We  have  chosen  r0=  1 X 10-8  s, 
the  pre-exponential  factor,  as  a  fixed  parameter.  The  value  of 
Tq  is  comparable  to  that  used  in  another  works.3  Variations  in 
this  parameter  of  two  orders  of  magnitude  increases  the 
value  of  the  energies  slightly,  as  well  as  the  width  of  the 
distribution.  We  can  see  no  field  dependence  for  the  effective 
energies;  only  a  weak  dependence  of  the  width  of  the  box  on 
temperature.  This  temperature  dependence  can  be  explained 
as  follows:  in  a  fixed  time  window,  the  processes  with  higher 
energy  only  have  a  reasonable  probability  of  occurrence  at 
higher  temperatures  and  cannot  be  detected  in  lower  tem¬ 
peratures.  The  value  of  the  effective  energy  is  smaller  than 
the  pinning  energy  previously  obtained  because  of  the  influ¬ 
ence  of  the  term  FVX ,  but  the  field  dependence  of  F  is  too 
complicated  to  evaluate  because  it  depends  on  |#|  and 

v|z?|.15 

IV.  CONCLUSIONS 

We  have  studied  magnetic  relaxation  by  means  of  mea¬ 
surements  of  the  time  evolution  of  the  ac  susceptibility  of  a 


polycrystalline  sample  of  a  BiPbSrCaCuO  superconductor 
for  different  temperatures  and  magnetic  fields  ranging  from 
10  to  100  Oe.  We  have  analyzed  the  field  dependence  of  the 
activation  parameters  associated  with  the  magnetic  relax¬ 
ation  using  two  theoretical  models:  the  Anderson-Kim 
model  and  a  box  distribution  for  a  superposition  of  Debye 
processes.  In  the  case  of  the  Anderson-Kim  model  we  have 
found  a  strong  field  dependence  of  pinning  energy,  of  the 
form  U0=a  +  filHn  with  n**  2.  However,  no  sign  of  a  field 
dependence  for  the  distribution  of  effective  energies  has  been 
found. 
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ESR  measurements  of  the  microwave  absorption  signal  associated  with  weak  ferromagnetism  in 
single  crystals  of  Eu2-^GdvCu04  are  presented  for  X  band  (9.5  GHz)  and  L  band  (1.2  GHz)  as  a 
function  of  the  Gd  concentration.  The  strong  absorption  observed  at  low  magnetic  fields  was 
interpreted,  for  samples  with  low  Gd  concentration,  as  due  to  a  field-induced  spin  reorientation 
transition  occurring  at  a  critical  field  Hc ,  coincident  with  the  in-plane  magnetic  anisotropy  effective 
field  HyQff .  For  larger  x  the  Cu-Gd  magnetic  interaction  needs  to  be  considered  leading  to  smaller  Hc 
values.  Our  measurements  show  that  for  Gd  concentrations  in  the  range  O^x^  1  the  experimental 
data  can  be  very  well  fitted  with  parameters  derived  from  previous  measurements.  This  fact 
indicates  that  these  compounds  have  nearly  the  same  in-plane  anisotropy  effective  field,  in  spite  of 
the  small  changes  in  lattice  parameters.  For  x  =  2  lattice  distortions  increase  causing  an  Hc  larger 
than  the  expected  one.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)03008-X] 


I.  INTRODUCTION 

The  rate  earth  cuprates  RE2Cu04  (RE=Pr,...,  Tm),  par¬ 
ent  compounds  of  the  so-called  ft -type  high  Tc  supercon¬ 
ductors,  crystallize  in  the  tetragonal  Nd2Cu04  T '  structure.1 
Pr2Cu04  has  the  largest  a  lattice  parameter  which  decreases 
monotonically  for  the  heavier  RE  compounds  due  to  the 
smaller  rare  earth  ion  size.2  This  lattice  reduction  causes  a 
distortion  of  the  Cu02  planes  for  Eu2Cu04  {a  =  3.910  A)  and 
heavier  compounds,  consisting  of  a  displacement  of  the  in¬ 
plane  oxygens  [called  0(1)]  from  its  centrosymmetrical  po¬ 
sition.  These  displacements  seem  to  be  ordered,  and  several 
superstructures  have  been  found  in  single  crystals  with  dif¬ 
fraction  techniques.2,3  Copper  moments  order  antiferromag- 
netically  (AF)  below  room  temperature  for  the  whole  series. 
However,  coincident  with  the  boundary  for  lattice  distor¬ 
tions,  a  weak  ferromagnetic  (WF)  component  in  the  magne¬ 
tization  develops,  that  was  attributed  to  a  canting  of  the  cop¬ 
per  moment  away  from  a  perfect  AF  alignment.4  Several 
experimental  techniques  have  been  used  to  characterize  the 
WF  behavior.  Among  them,  microwave  absorption  proved  to 
be  very  useful  to  elucidate  the  magnetic  behavior  of  the  com¬ 
pounds  near  the  WF  boundary.5  X-  and  Q -band  experiments 
in  Eu2Cu04  single  crystals,  slightly  doped  with  Gd,  have 
shown  that  the  WF  moment  lays  in  the  Cu02  plane  pointing 
parallel  to  an  easy  axis  defined  by  the  field  cooling  (FC) 
magnetic  field  and  coincident  with  a  [110]  crystallographic 
direction  ([110]FC).  When  the  external  field  is  applied  per¬ 
pendicular  to  this  axis  a  field-induced  spin  reorientation  tran¬ 
sition  occurs  at  a  critical  field  H c  .5  More  recently6  it  was 
shown  that,  for  samples  with  larger  amounts  of  Gd,  the  in¬ 
teraction  between  the  WF  ordered  Cu  lattice  and  the  Gd 
paramagnetic  (PM)  lattice  must  be  taken  into  account  in  or¬ 
der  to  explain  several  anomalies  found  in  the  EPR  spectra.  In 


this  article  we  present  the  Gd  concentration  dependence  of 
Hc  obtained  from  X-band  measurements.  We  also  discuss  the 
L-band  results  within  the  proposed  model. 


II.  MODEL 


The  following  expression  for  the  magnetic  free  energy  of 
the  coupled  PM-WF  system  was  proposed:6 

F  eff=  —  KyQnm\^y + Kze&m  —  mWF  •  H0 

+ 1 2^  |  ^  Gd”  Med*  H0  -  X '  mWF-  MGd ,  (1) 

mw  and  MGd  are  the  Cu-WF  and  Gd-PM  magnetizations, 
2  KyQffmWF  =  Hyeff  and  2£|amWF  =  H\ ff  are  in-plane  and  out-of¬ 
plane  magnetic  anisotropy  fields,  X'  is  the  Cu-Gd  coupling 
constant  and  ®)  is  the  Gd  molar  magnetic  sus¬ 

ceptibility.  This  effective  free  energy  describes  the  equilib¬ 
rium  and  the  low-energy  excitations  of  the  system.  The  reso¬ 
nance  modes  can  be  obtained  solving  a  6X6  dynamical 
matrix  for  mWF  and  MGd .  Two  modes  are  obtained:  a  high- 
energy  WF-like  mode,  and  a  low-energy  PM-like  one. 

In  Fig.  1  we  show  both  modes,  as  calculated  for 
X'*Gd=0  (dashed  curves)  and  X'*Gd#0  (solid  curves).  For 
^,XGd=0  a  softening  of  the  WF  mode  would  occur  at  a 
critical  field  Hc=Hydf,  coincident  with  the  field-induced  spin 
reorientation  transition  when  H  is  applied  perpendicular  to 
the  easy  axis  (i.e.,  <p=90°).  Note  that  for  X  and  L  bands  a 
resonance  absorption  is  expected  only  for  <p- 90°.  For 
X '  *Gd  i=  0  the  critical  field  is  reduced  by  a  factor  1  +  X '  *Gd 
giving 


Hc  = 


Hln 

1  +k'*Gd’ 


(2) 
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FIG.  1.  Magnetic  field  dependence  of  (a)  the  WF-like  and  (b)  the  PM-like 
resonance  modes  when  H  is  applied  within  the  easy  plane  (solid  curves). 
The  dashed  lines,  calculated  for  X'xga  =  0,  illustrate  the  crossing  of  modes 
occurring  at  Hc .  Note  the  shift  of  Hc  to  lower  fields  when  X'xGd  =£  0. 


and  the  WF  mode  does  not  soften  to  zero.  This  would  imply 
that  no  resonance  arising  from  the  WF  ordered  Cu  lattice 
should  be  observed  at  X  and  L  bands.  However,  a  maximum 
in  the  microwave  absorption  may  be  expected  due  to  non¬ 
resonant  loses  as  described  in  Ref.  5.  In  addition  an  energy 
gap  opens  in  the  PM-like  mode  for  H=0  given  by 

(— )  =  x '  m  wF  [X '  w  T)m  WF+  ^ff]  •  (3) 

\  yadlH=0 

Due  to  the  temperature  dependence  of  *Gd(T)  the  gap 
tends  to  zero  for  T=  0  K  and  increases  for  T>  0  because 
other  parameters  are  only  weakly  temperature  dependent.6 
For  T>Tn  the  energy  gap  becomes  zero  again.  Because  of 
the  anticrossing  of  the  coupled  modes  an  “anomaly”  is  also 
predicted  in  the  PM-like  branch  which  softens  to  zero  at  Hc . 

III.  RESULTS  AND  DISCUSSION 

Eu2_A:GdjCCu04  single  crystals  were  grown  following 
standard  flux  techniques  in  Pt  crucibles.7  In  all  cases  crystals 
grew  in  the  shape  of  small  platelets  with  the  c  crystallo¬ 
graphic  axis  perpendicular  to  the  axis.  EPR  measurements 
were  made  in  a  Bruker  ESP  300  spectrometer  at  X  band  (9.5 
GHz)  and  L  band  (1.2  GHz)  between  120  and  300  K. 

Although  the  softening  of  the  WF  mode  at  Hc  is  not 
complete  for  cp~90°  (see  Fig.  1),  originating  a  strong  reduc¬ 
tion  in  the  intensity  of  the  WF  line  at  the  X  band,  it  could 
still  be  clearly  detected  in  all  samples  due  to  nonresonant 
loses.5  In  L  band,  however,  no  line  was  found  for  samples 
with  low  Gd  content  (0^jc^0.2)  indicating  that  the  gap  was 
large  enough  to  prevent  even  the  observation  of  nonresonant 
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FIG.  2.  Spin  reorientation  critical  field,  determined  from  the  X-band  low 
field  absorption,  as  a  function  of  x,  the  Gd  concentration.  The  dashed  line  is 
a  best  fit  of  the  experimental  data  in  the  range  O^x^  1  using  Eq.  (2). 
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losses.  We  have  determined  the  Gd  concentration  depen¬ 
dence  of  Hc ,  coincident  with  the  X-band  resonance  field  of 
the  WF  line,  at  7=  120  K  and  with  HI  [  1 10]  FC .  The  experi¬ 
mental  data,  presented  in  Fig.  2,  were  fitted  using  Eq.  (2)  in 
the  range  O^x^l.  We  obtain  the  following  values  for  the 
in~plane  anisotropy  effective  field  and  the  Cu-Gd  coupling 
constant:  H\n  =  425(5)  G  and  \'  =  1.2(1)X105 

G/(/zyCu-atom).  These  are  consistent  with  the  values  found 
in  Refs.  5  and  8  (for  samples  slightly  doped  with  Gd)  and  in 
Ref.  9,  respectively.  Note  that  the  experimental  data  can  be 
explained  with  a  single  value  of  the  in-plane  anisotropy  field 
for  all  compounds  (0^x^  1),  although  the  lattice  size  varies 
and  consequently  the  displacement  of  the  oxygen  ions  might 
change.  We  did  not  include  the  value  measured  for  Gd2Cu04 
in  the  fit  because  it  was  proposed10  that  for  this  compound 
Eq.  (2)  should  be  corrected  due  to  the  presence  of  a 
metamagnetic-like  transition  at  low  fields.  In  Ref.  10  the 
value  of  Hls  for  x  =  2  was  estimated,  from  dc  magnetization 
measurements,  to  be  ^1200  G  at  T—  120  K.  This  value  is 
nearly  three  times  larger  than  the  one  measured  for  samples 
with  lower  Gd  concentrations8  probably  due  to  the  larger 
lattice  distortions.  Correspondingly,  the  measured  Hc  value 
is  almost  three  times  larger  than  that  predicted  assuming  a 
constant  H\s  (see  Fig.  2). 

In  Fig.  3  we  show  the  EPR  spectra  of  Gd2Cu04  mea- 


FIG.  3.  L-band  microwave  absorption  spectra  of  a  Gd2Cu04  single  crystal. 
Note  the  shift  of  the  <wpM  line  from  g  =  2  (dpph). 
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hence  7  =  265  K  would  indicate  the  temperature  where  u>pM 
equals  a)L. 

In  this  description  the  reduced  linewidth  of  the  PM-like 
absorption  may  be  associated  with  coupled  excitations.  In 
fact,  a  strong  mixture  of  modes  is  expected  especially  when 
an  anticrossing  of  modes  occurs  at  Hc . 

In  summary,  we  have  analyzed  the  variation  of  the  spin 
reorientation  critical  field,  Hc  =  Hy^{  1  +  \'aG(J),  as  a  func¬ 
tion  of  Gd  concentration.  We  have  found  that  the  decrease  of 
Hc  for  increasing  x  may  be  explained  (in  the  range  1) 

in  terms  of  the  magnetic  coupling  between  the  Cu-WF  and 
the  Gd-PM  lattices.  We  have  also  discussed  the  origin  of  the 
absorption  line  measured  at  L  band  and  suggested  that  it  is 
due  to  the  PM-like  branch  of  the  PM-WF  coupled  modes. 


FIG.  4.  Temperature  dependence  of  the  L-band  Gd2Cu04  low  field  reso¬ 
nance  line.  Note  the  sharp  decrease  of  the  intensity  at  T=  260  K,  below  the 
Neel  temperature  (inset). 

sured  at  L  band  for  7  =  250  K.  The  PM  mode  in  absence  of 
coupling  to  the  Cu  lattice  would  occur  at  capM/yGd=410  G. 
Due  to  the  large  linewidth  of  the  Gd3+  EPR  line  in  Gd2Cu04 
measured  at  X  band4  (A Hpp^  1500  G)  a  superposition  of  the 
absorptions  occurring  at  negative  and  positive  fields  would 
cause  a  strongly  asymmetric  signal  with  a  broad  minimum  at 
^750  G.  Surprisingly  a  narrow  and  very  intense  line  is  ob¬ 
served  at  a  lower  field,  Hr 100  G.  The  origin  of  this  ab¬ 
sorption  may  be  explained  looking  at  the  behavior  of  the 
PM-like  mode  in  Fig.  1.  From  the  X-band  results  we  estimate 
the  energy  gap  of  the  PM-like  mode  at  7=120  K, 
(cupM/yGd)H-o^^OO  G,  lower  than  the  L-band  frequency 
a>L/yGd=410  G.  Thus  the  microwave  absorption  should  oc¬ 
cur  at  fields  lower  than  that  corresponding  to  g  =  2.  When  the 
temperature  is  increased  Hr  moves  to  lower  fields  (see  Fig. 
4)  and  the  line  disappears  at  7=  265  K,  i.e.,  20  K  below  7 N . 
As  we  have  mentioned  above,  the  value  of  the  energy  gap  of 
the  PM-like  mode  is  expected  to  increase  as  7  rises  and 
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HgBa2Cu04+<5  (Hgl201)  samples  with  0.03^5^0.4  have  been  obtained.  The  magnetization  of  the 
powdered  Hgl201  samples  was  determined  using  a  Quantum  Design  SQUID  magnetometer.  It  was 
observed  that  while  the  magnetization  of  Hgl201  increased  with  8  in  the  underdoped  region,  the 
magnetization  decreased  with  8  m  the  overdoped  region.  These  results  suggest  an  increase  of  njm* 
with  oxidation  in  the  underdoped  region  and  a  decrease  in  the  overdoped  region,  similar  to  that 
reported  in  underdoped  HTSs  and  overdoped  T12201  and  T11201.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)03 108-6] 


I.  INTRODUCTION 

Soon  after  the  discovery  of  high-temperature  supercon¬ 
ductivity  (HTS),  it  was  realized  that  the  existence  of  Cu02 
layers  in  HTSs  is  very  crucial  and  the  charge  carriers  in  the 
Cu02  layers  control  the  physical  properties  in  both  the  su¬ 
perconducting  state  and  the  normal  state.  Tc  is  one  of  the 
properties  that  the  charge  carriers  in  the  Cu02  layers  have  a 
marked  effect  upon.  On  the  one  hand,  it  was  found  that  there 
are  three  different  regimes  in  the  relationship  of  Tc  to  the 
number  of  charge  carriers  n  in  the  Cu02  layers  (where  n  is 
determined  from  valence  balance  or  thermoelectric).1-3  The 
underdoped  region  is  where  the  superconducting  phase  ap¬ 
pears  near  the  insulating  magnetic  phase.  Tc  increases  with 
increased  n  in  this  region.  The  optimal  doping  region  is 
where  Tc  approaches  the  highest  values  within  the  given 
series.  Next,  comes  the  overdoped  region.  In  this  region,  Tc 
decreases  with  further  increases  in  n.  On  the  other  hand, 
based  on  muon  spin-rotation  (/xSR)  measurements,4-6  it  was 
found  that  Tc  vs  njm*  forms  a  double-valued  relation  in 
T12201  (where  ns  is  the  superconducting  condensate  density, 
m*  is  the  effective  mass).  This  means  that  as  n  increases, 
njm *  increases  in  the  underdoped  region,  and  decreases  in 
the  overdoped  region.  Until  now,  most  studies  have  concen¬ 
trated  on  the  underdoped  and  optimal  region,  probably  be¬ 
cause  underdoped  and  optimally  doped  samples  are  fairly 
easy  to  synthesize  for  most  HTS  systems.  On  the  contrary, 
the  overdoped  region  has  been  observed  in  only  a  few  sys¬ 
tems.  The  HgBa2Cu04+<5  compound  (Hgl201)  has  been 
shown  to  be  scientifically  significant,7  because  it  has  the 
highest  Tc  among  all  HTS  materials  that  have  one  Cu02 
plane,  and  has  the  widest  doping  range  that  can  be  achieved 
by  changing  oxygen  content  alone.8  Thus  it  is  a  good  candi¬ 
date  for  studies  on  charge  carrier  and  doping  related  proper¬ 
ties  in  the  overdoped  region. 

In  this  article,  we  report  a  study  of  Tc  vs  njm*  done  by 
measuring  the  magnetization  volume  fluctuation  of  Hgl201 
when  oxygen  content  is  varied  from  0.03  to  0.4,  covering  the 
entire  range  from  Tc  =  OK  (underdoping  region)  to  Tc  =  20  K 
(overdoping  region).  We  observed  that  the  magnetization  of 
Hgl201  increases  with  8  in  the  underdoped  region  and  de¬ 
creases  with  8  in  the  overdoped  region.  The  results  suggest 
that  a  double-valued  relation  of  Tc  to  njm*  also  exists  in 
the  Hgl201  compound. 


II.  EXPERIMENT 

All  samples  were  synthesized  by  a  two-step  method,  i.e., 
by  first  forming  a  precursor  of  (Ba,  Cu)  oxides,  then  reacting 
HgO  with  the  precursor  inside  an  evacuated  quartz  tube.  Pre¬ 
cursor  with  an  initial  composition  of  Ba2CuOy  was  prepared 
by  a  solid-state  reaction.  High-purity  powders  of  BaO 
(99.95%)  were  thoroughly  mixed  in  appropriate  proportions. 
The  mixed  powders  were  calcined  in  an  alumina  crucible  at 
930  °C  for  24  h  under  a  mixed  gas  of  Ar:0=4:l.  Three  in¬ 
termediate  regrindings  were  carried  out  during  this  period. 
The  composite  Hg  source  used  was  a  prereacted  Hgl:2:0:l 
pellet  made  by  compacting  the  thoroughly  mixed  HgO 
(99.998%)  and  pulverized  precursor  powder.  A  reactant  pel¬ 
let  was  sealed  in  an  evacuated  quartz  tube  of  fixed  volume, 
together  with  an  extra  Ba2CuO y  precursor  pellet.  Details 
were  given  in  Ref.  9.  A  stainless-steel  tube  was  used  to  con¬ 
tain  the  quartz  tube  as  a  safety  precaution.  The  whole  assem¬ 
bly  was  then  heated  to  800-830  °C  for  8  h  before  slow  cool¬ 
ing  to  room  temperature.  Samples  with  different  oxygen 
content  were  obtained  by  heating  as-synthesized  samples  at 
different  temperatures  and  oxygen  partial  pressures  for  ap¬ 
propriate  periods  of  time.9  To  reach  the  underdoped  region, 
the  sample  was  heated  in  a  vacuum  of  -2X10”6  Torr  at  a 
temperature  between  200  and  450  °C  for  20-100  h.  For  the 
overdoped  samples,  the  as-synthesized  compound  was 
heated  in  a  1-500  bar  O  atmosphere  between  240  and 
400  °C  for  10-300  h.  Phase  characterization  was  performed 
by  x-ray  powder  diffraction  on  a  Rigaku  DMAX/BIII  dif¬ 
fractometer.  The  magnetization  was  measured  using  a  Quan¬ 
tum  Design  SQUID  magnetometer.  The  oxygen  content  8  of 
the  samples  were  measured  by  thermogravimetric  analysis8 
and  calibrated  using  neutron  powder  diffraction.10 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  x-ray  diffraction  pattern  of  one  of  our 
as-synthesized  samples,  which  indicated  that  the  Hgl201 
sample  was  nearly  single  phase.  Figure  2  shows  the  normal 
state  susceptibility  as  a  function  of  the  temperature.  The  data 
fits  the  Curie  law,  X=Xo+C/T9  very  well  with 
X0=1.04X10"6  emu/g  and  C  =  2.45X  10” 4  emu/g.  The  mag¬ 
netization  in  various  magnetic  fields  H  has  also  been  mea¬ 
sured.  As  shown  in  the  inset  of  Fig.  2,  the  magnetization 
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FIG.  1.  X-ray  diffraction  pattern  of  Hg  1201  sample. 

changes  linearly  with  H  within  experimental  resolution 
which  suggests  negligible  ferromagnetic  contributions.  Ac¬ 
cording  to  our  TEM,  SEM,  and  EDX  studies,  the  paramag¬ 
netic  contribution  results  from  synthesis  related  impurities,11 
which  were  not  detectable  by  x-ray  and  neutron  powder  dif¬ 
fraction.  Since  the  magnetization  of  the  samples  depends  on 
the  percentage  of  Hgl201  phase  inside  the  samples,  we  must 
first  be  sure  all  the  samples  used  contain  the  same  percentage 
of  Hgl201  phase  if  we  want  to  determine  how  the  magneti¬ 
zation  of  Hgl201  samples  change  with  the  oxygen  content. 
To  do  so,  all  the  samples  we  used  were  synthesized  at  the 
same  time  and  annealed  under  differing  conditions.  So,  the 
samples  with  different  oxygen  content  should  contain  similar 
amounts  of  impurities.  In  this  study,  we  were  only  concerned 
with  the  change  in  magnetization  with  oxygen  content,  so 
these  impurities  should  not  effect  our  results  and  conclusion. 

In  an  ideal  case,  the  low  field  magnetization  M  of  super¬ 
conducting  particles  is  related  to  X  as  1  -( k/d )2,  where 
d  is  the  diameter  of  the  particles  and  X  is  the  penetration 
depth.  In  order  to  ensure  uniformity  in  particle  size  among 
the  samples,  a  large  quantity  of  Hgl201  powder  was  synthe¬ 
sized  and  ground  at  the  same  time,  and  then  separately  an¬ 
nealed  under  different  conditions  to  obtain  samples  with  dif- 


FIG.  2.  The  normal  state  susceptibility  as  a  function  of  the  temperature  for 
one  of  our  as  synthesized  Fig  1201  samples  [fit  of 
^=1.04xl0-6+2.45xl0-4/T  (emu/g)].  Inset:  Magnetization  M  as  a  func¬ 
tion  of  magnetic  field  H. 


5 

FIG.  3.  Mzfc  and  AfFC  vs  oxygen  content  §  (■  MZFC  and  •  MFC). 

ferent  oxygen  content.  The  dc  magnetization  was  measured 
at  5  Oe  for  samples  that  were  both  zero  field  cooled  (ZFC) 
and  field  cooled  (FC).  The  result  of  the  ZFC  measurement  is 
an  overestimation  of  the  true  superconducting  volume  frac¬ 
tion  due  to  porosity.  According  to  the  study  by  Braunisch 
et  at}2  the  results  of  FC  measurements  very  badly  underes¬ 
timate  the  superconducting  volume  fraction  for  ceramic  HTS 
samples  due  to  pinning  and  the  large  penetration  depth  in  the 
C  direction.  The  real  superconducting  volume  fraction  of  the 
samples  M  should  be  between  MFC  and  MZFC.  MFC  and 
MZpc  versus  oxygen  content  8  are  shown  in  the  Fig.  3.  Both 
M¥C  and  Mzfc  increase  with  8,  are  a  maximum  for  optimally 
doped  Hgl201  and  decrease  with  further  increase  in  oxygen 
content.  The  Tc  vs  M  [M  =  (MZFC+MFC)/2]  are  shown  in 
Fig.  4.  The  curve  appears  to  be  double  valued  in  nature. 
Since  njm*~  1/A.2,  Tc  vs  ns/m*  follows  a  “boomerang 
path”  like  that  in  T12201  and  T1201. 

IV.  CONCLUSION 

The  magnetization  of  Hgl201  with  0.03^  8^0  A  has 
been  studied.  The  results  have  shown  that  the  Tc  vs  njm* 
also  forms  a  “boomerang  path”  in  Hgl201,  which  is  similar 
to  that  in  HTSs  in  the  underdoped  region  and  T12201  and 
Til 201  in  the  overdoped  region. 


0  12  3  4 

M(10'3  emu/g) 

FIG.  4.  The  Tc  vs  magnetization  M. 
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A  new  approach  involving  the  use  of  fluorides  has  been  adopted  to  synthesize  phase-pure 
Pb-substituted  Hg-1223  superconductors  under  ambient  conditions.  A  representative  sample  is 
characterized  using  x-ray,  SQUID  magnetometer,  and  ac  susceptibility  techniques.  In  a  measuring 
field  of  1  G,  a  sharp  diamagnetic  onset  is  observed  at  132  K  and  perfect  flux  screening  persists  up 
to  122  K.  On  approaching  Tc  the  irreversibility  lLe  follows  a  power  law  with  exponent  a= 2.2. 
From  the  ac  susceptibility  data,  in  the  context  of  the  Bean  critical  state  model,  the  critical  current 
density  at  helium  temperatures  is  estimated  to  be  1.5X106  A/cm2.  ©  1996  American  Institute  of 
Physics .  [S0021-8979(96)42008-2] 


I.  INTRODUCTION 

The  discovery  by  Putilin  et  al 1  of  superconductivity  at 
94  K  in  HgBa2Cu04+£  and  the  subsequent  report  by  Schill¬ 
ing  et  al2  of  superconductivity  above  130  K  in 
HgBa2Ca2Cu308+(5  initiated  intense  research  in  these  mer¬ 
cury  compounds.  They  both  belong  to  the  homologous  series 
of  HgBa2Can„1Cu/102n+2+^  which  today  has  five  members 
(n=l— 5),  with  Hg-1223  showing  the  highest  Tc .  It  was 
observed  that  Tc  of  the  Hg-1223  phase  increases  with  pres¬ 
sure  to  164  K  at  30  GPa,3  indicating  that  even  higher  critical 
temperatures  might  be  obtained  at  ambient  pressure  if  the 
internal  pressure  could  be  increased  by,  say,  optimizing  the 
doping  levels. 

A  major  problem  encountered  in  the  synthesis  of  the  Hg 
compounds  is  the  difficulty  in  obtaining  phase-pure  samples. 
It  has  been  shown  that  a  small  amount  of  Pb  facilitates  the 
formation  of  a  single  phase.4  Fluorine  doping  in  Bi-2223  has 
been  shown  to  enhance  the  stability  and  to  increase  the  criti¬ 
cal  temperature.5  It  is  thus  of  interest  to  study  the  effect  of 
fluorine  doping  in  the  mercury-based  system. 

In  this  work  we  study  the  magnetic  properties  of  Pb- 
substituted  Hg-1223  samples  synthesized  using  fluorides. 


II.  EXPERIMENT 

A  precursor  of  nominal  composition  Ba2Ca2Cu4Ox  was 
prepared  using  barium,  calcium,  and  copper  nitrates  as  the 
starting  materials.  The  nitrates  were  weighed  out  and  mixed 
in  a  dry  box  and  then  fired  for  6  h  at  900  °C  under  flowing 
oxygen  after  a  heat-up  to  900  °C  in  6  h.  One  mole  of  the 
fired  precursor  was  mixed  with  0.8  moles  of  HgO  and  0.2 
moles  of  PbF2  in  a  dry  box,  pelletized  and  sealed  in  a  0.4  mm 
outer  diameter  quartz  tube  after  back  filling  with  a  tenth  of  a 
Torr  of  oxygen.  The  quartz  tube  with  the  sample  is  then  fired 
at  850  °C  for  25  h  after  heat-up  to  the  firing  temperature  in  1 
h.  The  samples  are  characterized  without  further  annealing. 

The  x-ray  powder  diffraction  pattern  collected  within 
5°^2^80°  using  a  Siemens  D5000  diffractometer  shows 
mainly  the  lines  that  belong  to  the  Hg-1223  phase  (Fig.  1). 


The  dc  susceptibility  measurements  were  performed  us¬ 
ing  Quantum  MPMS2  SQUID  magnetometer.  All  measure¬ 
ments,  in  fields  ranging  from  1  G  to  10  kG,  were  performed 
during  the  warming  scan  after  zero  field  cooling  the  samples 
to  10  K.  The  ac  susceptibility  measurements  were  performed 
using  a  home-built  two-position  ac  susceptometer  with  a 
three-coil  mutual  inductance  bridge.  Driving  fields  were  var¬ 
ied  from  10  mOe  to  2  Oe  rms  at  190  Hz. 

III.  RESULTS  AND  DISCUSSION 

Figure  2  shows  a  typical  field  cooled  (FC)  and  zero  field 
cooled  (ZFC)  warming  up  scan  in  1  G.  Using  the  dimensions 
of  the  sample  (7.0X1. 5X0.8  mm3)  a  ZFC  susceptibility  of 
- 1 .02  (complete  flux  expulsion)  is  obtained.  The  flux  expul¬ 
sion  is  better  than  95%  even  up  to  temperatures  as  high  as 
122  K.  The  flux  expulsion  for  FC  is  only  12%.  This  big 
difference  is  explained  by  strong  pinning — at  the  thin  surface 
layer  during  ZFC  and  in  the  bulk  of  the  sample  during  FC. 

The  magnetic  susceptibility  was  measured  at  different 
fields,  ranging  from  1  to  1000  G.  All  scans  are  shown  in  Fig. 
3  together  with  an  ac  susceptibility  measurement  at  10  mG 
rms.  As  the  field  is  increased  there  appear  signs  of  a  second 


FIG.  1.  X-ray  powder  diffraction  pattern  identifying  intensity  peaks  that 
belong  to  the  Hg-1223  phase. 
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Temperature  (K) 

FIG.  2.  ZFC  and  FC  dc  susceptibility  measured  in  a  field  of  1  G.  In  the  inset 
is  shown  the  two  curves  branching  off  at  the  irreversibility  point. 


phase  with  a  higher  critical  current.  There  is  almost  no 
change  in  susceptibility  at  fields  from  300  to  500  G  indicat¬ 
ing  a  weaker  field  dependence  of  this  phase. 

The  location  of  the  irreversibility  line  is  important  from 
applications  point  of  view.  The  irreversibility  line  is  obtained 
from  the  points  in  the  T-H  plane  where  the  FC  and  ZFC 
curves  split.  These  points  can  be  determined  either  by  mea¬ 
suring  FC  and  ZFC  temperature  scans  in  a  constant  field  or 
measuring  MfH  loops  at  a  constant  temperature.  We  deter¬ 
mined  these  point  by  measuring  MIH  loops  at  six  different 
temperatures.  We  chose  the  criterion  for  irreversibility  as 
AM  =  0.02  emu/cm3,  where  AM  is  the  magnetization  differ¬ 
ence  in  decreasing  and  increasing  field.  On  approaching  Tc 
we  find  a  power  law  dependence  //irroc(  1  —t)a  with  the  ex¬ 
ponent,  a— 2.2  (Fig.  4). 

To  get  further  insight  in  the  magnetic  properties  we  stud¬ 
ied  the  ac  susceptibility  as  a  function  of  temperature  and 
field.  The  complex  susceptibility  X^X*  ~i-X  gives  ad^i- 
tional  information  since  the  imaginary  part  /  corresponds  to 
energy  dissipation  in  the  material  and  can  be  used  to  deduce 
various  parameters  such  as  the  critical  current  density.  The 


Temperature  (K) 

FIG.  3.  Susceptibility  measured  in  fields:  1,  5,  10,  20,  30,  50,  70,  100,  150, 
200,  300,  500,  and  1000  G.  Also  shown  is  the  real  part  of  the  ac  suscepti¬ 
bility  measured  in  10  mG  rms. 


FIG.  4.  The  irreversibility  line.  The  inset  shows  a  fit  to  a  power  law  with  the 
exponent  a=22. 


FIG.  5.  Imaginary  (a)  and  real  (b)  part  of  the  complex  ac  susceptibility 
measured  with  driving  fields  0.01,  0.03,  0.1,  0.3,  1,  and  2  Oe. 


FIG.  6.  Peak  field  and  critical  current  density  as  a  function  of  temperature. 
The  inset  shows  a  fit  jc(T)~  1.5X  106(1  —  t)2  A/cm2. 
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real  part  x '  is  approximately  equivalent  to  the  ZFC  dc  sus¬ 
ceptibility  and  can  be  used  to  measure  ZFC  curves  at  very 
low  field  strengths. 

We  measured  the  temperature  dependence  of  the  com¬ 
plex  susceptibility  at  six  different  driving  fields  (Fig.  5).  The 
diamagnetic  transition  onset  is  located  at  132  K.  Below  rirr, 
at  about  130.3  K,  this  diamagnetic  response  becomes  field 
dependent  and  the  dissipation  appears. 

According  to  the  Bean  critical  model  the  peak  in  xf'  cor¬ 
responds  to  the  field  just  penetrating  into  the  center  of  the 
sample  and  at  this  point  there  exists  a  simple  relationship 
between  this  field  Hp  (in  A/m)  and  the  critical  current 
density:6 

Hp=JcR. 

Approximating  our  sample  geometry  to  a  long  cylinder  of 
radius  1  mm  we  can  thus  calculate  the  critical  current  density 
as  a  function  of  temperature  (Fig.  6).  Assuming  a  power  law 
dependence  we  find  the  critical  current  density  at  helium 
temperatures  to  be  about  1.5X106  A/cm2. 


IV.  CONCLUSION 

In  conclusion  we  have  studied  the  magnetic  properties  of 
phase-pure  F-doped  Pb-substituted  Hg-1223  samples.  While 
it  is  still  premature  to  claim  the  important  role  of  fluorine  in 
this  system,  we  observe  a  high  critical  temperature  and  good 
magnetic  properties. 
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Magnetization  studies  on  organic  single-crystal  superconductors  of  /c-(BEDT-TTF)2Cu[N(CN)2]Br 
with  the  field  H  parallel  to  the  b  axis  (perpendicular  to  the  conducting  plane)  show  anomalous  field 
and  temperature  dependence  of  vortex  pinning  in  the  mixed  state.  At  high  temperatures,  the 
magnetization  M  decays  with  increasing  field  with  a  power-law  dependence.  The  normalized 
relaxation  rate  S  =  d( In  M)/d( In  t)  decreases  monotonically  with  H.  At  low  temperatures  ( T<1  K), 
a  change  of  sign  in  the  curvature  of  M(H)  is  observed,  accompanied  by  a  corresponding  change  in 
S  as  a  function  of  H.  Measurement  of  the  irreversibility  field  Hrev  shows  a  universal  power-law 
dependence  of  /7rev  on  (1-777,)  in  the  temperature  range  investigated.  We  suggest  that  the 
magnetic  anomaly  observed  is  due  to  a  dimensional  crossover  in  the  nature  of  vortex  pinning. 
©  1996  American  Institute  of  Physics.  [S0021-8979(96)03208-2] 


The  discovery  of  ambient  pressure  organic  superconduc¬ 
tor  /c-(BEDT-TTF)2X  family  [BEDT-TTF  denotes  bis(ethyl- 
enedithio)tetrathiafulvalene  and  X  a  monovalent  anion]  with 
7,~  11  K  has  generated  considerable  interest  in  the  study  of 
anisotropic  magnetic  properties  in  the  mixed  state.  The  ma¬ 
terial  has  an  intrinsic  layered  structure  consisting  of  alternat¬ 
ing  sheets  of  metallic  (dimerized  BEDT-TTF  molecules)  and 
insulating  (anion  X)  planes.  The  anisotropy  constant  y  de¬ 
fined  as  V M_l  !M\\  has  been  reported  of  the  order  of  100  or 
more.1"5  Except  the  low  Tc  value,  the  organic  superconduc¬ 
tor  is  very  similar  to  the  highly  anisotropic 
Bi2Sr2CaCu208 -(.y  (BSCCO)  and  Tl2Ba2Cart_|Cun04-|_2n 
(TBCCO)  compounds.  Moreover,  since  it  is  free  of  second¬ 
ary  phases  commonly  present  in  the  oxide  superconductors, 
the  organic  superconductor  may  prove  to  be  an  ideal  system 
to  investigate  the  anisotropic  magnetic  properties.  A  careful 
comparative  study  in  the  mixed  state  in  this  structurally  ho¬ 
mogeneous  system  will  contribute  to  our  understanding  of 
the  more  complex  high-temperature  oxide  superconductors. 

We  report  here  magnetization  measurements  on 
organic  single-crystal  superconductors  of  k-(BEDT-TTF)2 
Cu[N(CN)2]Br  with  the  field  H  parallel  to  the  b  axis  (per¬ 
pendicular  to  the  conducting  plane).  Our  measurements  show 
anomalous  field  and  temperature  dependence  of  vortex  pin¬ 
ning  in  the  mixed  state.  At  high  temperatures,  the  magneti¬ 
zation  M  decays  with  increasing  field  with  a  power-law  de¬ 
pendence.  The  normalized  relaxation  rate  S=d(\nM)l 
d( In  t)  decreases  monotonically  with  H.  At  low  temperatures 
(7<7  K),  a  change  of  sign  in  the  curvature  of  M{H)  is 
observed,  accompanied  by  a  corresponding  change  in  S  as  a 
function  of  H.  Measurement  of  the  irreversibility  field  7/rev, 
shows  a  universal  power-law  dependence  of  T/rev  on 
(1-7/7,)  in  the  temperature  range  investigated  with 
//revoc(l  ”  7/7,)3/2.  We  suggest  the  anomaly  observed  is  due 
to  a  dimensional  crossover  in  the  nature  of  vortex  pinning. 

Single  crystals  of  AC-(BEDT-TTF)2Cu[N(CN)2]Br  super¬ 
conductors  were  synthesized  by  the  electrocrystallization 
technique  described  elsewhere.6  Several  crystals  were  used 
in  these  measurements  with  average  dimensions  of  1X0.5 


X0.1  mm.  Extensive  measurements  were  made  on  one  crys¬ 
tal  with  7,=  11  K.  Measurements  were  performed  with  the 
use  of  a  Quantum  Design  magnetometer  with  low-field  op¬ 
tions.  A  typical  hysteresis  loop  was  measured  after  the 
sample  was  zero-field  cooled  (ZFC)  to  a  set  temperature  and 
the  magnetization  was  measured  with  the  superconducting 
magnet  in  the  persistent  mode.  Scan  length  varying  from  4  to 
6  cm  gave  similar  results.  Relaxation  measurements  were 
performed  in  field  in  ZFC  condition.  A  typical  remanent  field 
after  quenching  the  magnet  was  less  than  20  mG.  Samples 
were  placed  with  the  field  parallel  to  the  b  axis. 

Figure  1  shows  an  overlay  of  the  magnetization  as  a 
function  of  field  at  different  temperatures.  At  high  tempera¬ 
tures  7>7  K,  M  decreases  in  a  power-law  field  dependence 
with  M<*H~n  and  n  =  2!3.  The  same  exponent  is  observed 
for  temperature  up  to  10  K.7  Below  7  K,  a  shoulder-like 
feature  is  developed  in  M(H)  at  H  around  200  G,  with  a 
corresponding  change  in  the  curvature  of  M{H).  The  effect 
is  most  pronounced  at  a  lower  temperature  of  6  K.  Further 
decrease  in  temperature  broadens  and  smears  out  the  change. 


0  100  200  300  400  500  600  700 


H  (G) 

FIG.  1.  Magnetization  as  a  function  of  field  at  different  temperatures. 
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FIG.  2.  Normalized  relaxation  rate  as  a  function  of  H  at  8  K.  The  inset 
shows  the  hysteresis  loop  at  the  same  T. 


FIG.  3.  Normalized  relaxation  rate  as  a  function  of  H  at  6  K.  The  inset 
shows  the  hysteresis  loop  at  the  same  T. 


Figure  2  plots  the  normalized  relaxation  rate  as  a  func¬ 
tion  of  field.  S  is  defined  as  the  average  slope  of  In  M  vs  In  t. 
Since  the  magnetization  does  not  decay  strictly  with  power- 
law  dependence  with  time  nor  linear  with  In  t.  We  have  ex¬ 
trapolated  both  the  average  d( In  M)/d{ In  t)  (in  solid  circles) 
and  the  average  dM/d(\n  f)/Af0,  where  M0  is  the  initial 
magnetization  (in  open  squares).  The  magnitude  of  the  nor¬ 
malized  relaxation  rate  is  similar  in  both  extrapolations,  as 
well  as  its  field  dependence.  The  inset  shows  the  correspond¬ 
ing  hysteresis  loop  at  the  same  temperature  of  8  K.  The 
arrows  indicate  the  direction  of  increasing  and  decreasing 
field. 

Shown  in  Fig.  3  is  a  similar  plot  of  the  relaxation  rate  at 
a  lower  temperature  of  6  K.  Unlike  the  monotonic  field  de¬ 
pendence  observed  at  higher  temperatures,  the  normalized 
relaxation  rates  as  defined  by  both  extrapolations  show  a 
slight  increase  at  about  300  G  and  decrease  again  at  higher 
field.  The  peak  in  S  is  roughly  correlated  with  the  secondary 
peak  field  of  the  corresponding  hysteresis  magnetization 
loop,  as  shown  in  the  inset. 

Figure  4  is  a  semi-log  plot  of  the  irreversibility  field  as  a 
function  of  temperature.  The  irreversibility  field  HTev  here  is 
defined  as  the  onset  field  at  which  the  magnetizations  on 
both  ascending  and  descending  directions  overlap.  The  tem¬ 
perature  range  we  had  investigated  was  limited  to  above  5  K. 
Measurements  of  Z/rev  at  lower  temperatures  on  the  same 
compound  have  been  reported  by  Lang  et  al ,5  as  shown  by 
the  solid  circles.  They  are  consistently  higher  than  ours  in  the 
overlapping  temperature  regime.  The  difference  might  be 
due  to  different  disorders,  thus,  pinning  strengths  among 
samples  studied.  If  we  neglect  the  difference  in  the  magni¬ 
tude  of  #rev,  a  change  of  curvature  in  //rev(  T)  with  T  is 
clearly  visible.  The  solid  line  is  a  fit  to  HI&v=H0(l-  TITc)a 
with  a=3!2.  The  inset  shows  a  log-log  plot  of  //rev  vs  T, 
with  the  straight  line  given  by  the  above  fit. 


The  magnetization  observed  for  the 
/c-(BEDT-TTF)2Cu[N(CN)2]Br  compound  is  qualitatively 
similar  to  the  anomalous  magnetization  reported  for  the  ox¬ 
ide  high  Tc  superconductors,8-10  especially  the  BSCCO  and 
TBCCO  compounds.  Two  main  similarities  are  observed. 
First,  a  crossover  temperature  TCI  in  the  magnetization  be¬ 
havior  exists  in  both  families.  In  the  case  of  Tl2Ba2Cu06,10 
the  anomalous  magnetization  disappears  above  a  character¬ 
istic  temperature  of  about  60  K  (Tc  =  92  K).  Below  60  K,  a 
second  peak  in  magnetization  is  developed  for  field  greater 
than  the  first  penetration  field.  Second,  both  families  show 
very  similar  temperature  dependence  of  the  irreversibility 


FIG.  4.  Hrev  as  a  function  of  T.  The  inset  plots  the  same  data  in  a  log-log 
scale. 
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field  line.  At  high  temperatures,  Hrev<x(l  —  T/Tc)a  with  the 
same  exponent  a=3!2.  At  low  temperatures,  a  change  of 
curvature  is  observed  in  Hrev(T).  For  Tl2Ba2Cu06,  this  tem¬ 
perature  corresponds  to  the  crossover  temperature  Tcr .  In  the 
case  of  organic  superconductor,  our  present  data  cannot  pin¬ 
point  the  temperature  at  which  7/rev  changes  its  curvature. 
However,  results  published  by  Lang  et  al  suggest  this  tem¬ 
perature  is  in  the  range  of  5-6  K,  very  close  to  the  crossover 
temperature  of  7  K. 

The  mechanism  giving  rise  to  the  anomalous  magnetiza¬ 
tion  in  the  mixed  state  has  been  of  recent  interest,  particu¬ 
larly  in  the  high-temperature  oxide  superconductors.  Various 
mechanisms  have  been  since  proposed  to  explain  the  ob¬ 
served  effect.  In  the  case  of  oxides,  the  understanding  of  the 
anomalous  secondary  peak  is  complicated  by  the  fact  that  the 
system  tends  to  have  oxygen  inhomogeneities,  resulting  in 
superconducting  phases  with  different  critical  temperatures. 
Because  of  this  inhomogeneity,  one  possible  explanation  is 
that  the  increased  pinning  at  high  fields  is  due  to  the  suppres¬ 
sion  of  superconductivity  of  the  lower  Tc  phases.  However, 
the  characteristic  peak  field  should  be  of  the  order  of  Hc2  of 
the  low  Tc  phases  in  this  model.  Except  for  YBCO,  typical 
peak  field  observed  for  BSCCO  and  TBCCO  is  of  the  order 
of  103  G  or  less,  much  less  than  the  second  critical  field.  In 
the  case  of  the  organic  superconductors,  to  our  knowledge, 
the  organic  /c-(BEDT-TTF)2Cu[N(CN)2]Br  compound  con¬ 
tains  no  secondary,  lower  Tc  phases.1  Thus,  the  enhanced 
pinning  at  high  fields  and  low  temperatures  cannot  be  due  to 
the  secondary  phase  model. 

Other  models  based  on  the  collective  pinning  effects,  the 
matching  effect,  etc.,  have  also  been  proposed.  In  the  case  of 
collective  pinning  model,8  the  peak  effect  is  attributed  to  the 
slow  relaxation  of  large  vortex  bundles.  The  normalized  re¬ 
laxation  rate  is  given  by  S  =  kBT/[  UQ  + pkBT  \n(t/t0)], 
where  U0  is  the  barrier  height,  jul  is  the  exponent  defined  in 
the  U(j t  is  the  measurement  time  and  /0  some  at¬ 
tempt  time.  With  increasing  field  the  volume  of  the  vortex 
bundle  increases,  resulting  in  an  increase  in  the  magnitude  of 
the  pinning  barrier  and  smaller  S.  Unlike  most  oxide  mate¬ 
rials,  a  maximum  S  in  the  vicinity  of  secondary  peak  is  ob¬ 
served  in  the  organic  compound,  as  shown  in  Fig.  3.  This 
result  contradicts  sharply  the  collective  pinning  model  as  the 
mechanism  for  the  enhanced  pinning  effect.  Rather,  as  will 
be  discussed  later,  it  is  consistent  with  a  decrease  in  the 
pinning  volume  due  to  dimensional  crossover  from  three- 
dimensional  (3D)  vortex  line  to  two-dimensional  (2D)  pan¬ 
cakes.  The  anomalous  field  and  temperature  dependence  also 
excludes  a  matching  effect  model  in  which  a  peak  in  critical 
current  is  expected  when  the  vortex  lattice  and  the  defect 
structure  become  commensurate  with  each  other.9 

The  anomalous  magnetization  in  the  organic  material  is 


consistent  with  a  dimensional  crossover  model  proposed  re¬ 
cently  for  Tl2Ba2Cu06.10  In  this  model,  the  secondary  peak 
at  high  fields  is  due  to  the  pinning  of  the  2D  vortices.  The 
crossover  from  3D  vortex  line  pinning  to  2D  pancake  pin¬ 
ning  occurs  at  the  onset  of  the  second  peak.  The  critical  field 
for  dimensional  crossover  for  very  anisotropic  systems  has 
been  predicted  theoretically  and  given  by11,12 
where  \j=ys,  y  is  the  anisotropy  constant,  and  s  is  the 
separation  between  the  superconducting  layers.  A  large  an¬ 
isotropy  corresponds  to  a  smaller  critical  field.  In  contrast  to 
the  collective  pinning  model,  the  pinning  barrier  is  expected 
to  decrease  at  the  transition  due  the  smaller  volume  of  the  2D 
pancakes  compared  to  the  3D  lines,  resulting  in  a  larger  S. 
Experimentally,  the  critical  field  is  identified  by  the  onset  of 
the  rising  magnetization.  For  oxide  superconductors,  it  is  as¬ 
sociated  with  the  field  where  M  reaches  the  minimum.  For 
the  organic  superconductors,  the  gradual  transition  in  M(H) 
makes  the  precise  determination  of  Hcr  very  difficult.  For 
order  of  magnitude  estimate,  we  take  the  approximate  peak 
field  as  the  critical  field,  i.e.,  Hcv^ 200  G.  Using  the  lattice 
spacing  of  15  A  as  the  separation  between  the  superconduct¬ 
ing  layers,  y~200  is  obtained.  The  large  anisotropy  is  con¬ 
sistent  with  the  reported  values  of  similar  compounds. 

In  summary,  we  have  reported  detailed  magnetization 
studies  on  single  crystals  of  a  highly  anisotropic  organic 
superconductor  /c-(BEDT-TTF)2Cu[N(CN)2]Br.  The  anoma¬ 
lous  magnetization  is  observed  below  the  crossover  tem¬ 
perature  of  about  7  K.  The  irreversibility  line  shows 
a  universal  power-law  temperature  dependence  //rev 
oc(i  -  T!TC)312  at  high  temperatures.  The  normalized  relax¬ 
ation  rate  shows  a  maximum  near  the  onset  of  the  magnetic 
anomaly  for  temperatures  below  7  K.  The  results  are  consis¬ 
tent  with  the  model  of  a  dimensional  crossover  from  3D  to 
2D  pinning.  The  gradual  transition  observed  is  qualitatively 
in  agreement  with  the  weak  intrinsic  pinning  of  the  organic 
superconductors. 
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Experimental  evidence  of  a  crossover  in  the  vortex  dimensionality 
in  high-7c  superconductors 
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Quantum  motion  of  vortices  in  high-temperature  superconductors  (HTSCs)  was  studied  via 
magnetic  relaxation  measurements  performed  with  a  commercial  superconducting  quantum 
interference  device  magnetometer.  At  a  fixed  temperature,  the  field  dependence  of  the 
time-logarithmic  magnetic  relaxation  rate  normalized  to  the  first  magnetization  value, 

R  =  | d(M/M0)/d  ln(0|,  was  investigated  in  different  polycrystalline  HTSCs:  TIBaCaCuO  (2212  and 
2223  single  phases),  YBaCuO  (123  phase),  and  (Hg,Tl)BaCaCuO  (1223  phase).  The  results 
obtained  for  TIBaCaCuO  2223  phase  and  (Hg,Tl)BaCaCuO  show  a  common  trend:  R  increases 
linearly  with  magnetic  field  up  to  a  certain  value,  the  dimensional  crossover  field  H 3D_2D,  above 
which  it  becomes  field-independent.  H3D_2 d  *s  a  characteristic  field  which  depends  on  the  anisotropy 
parameter  and  the  interlayer  spacing  of  the  material.  The  field  dependence  of  R  can  be  ascribed  to 
a  crossover  in  the  dimensionality  of  the  object  involved  in  the  quantum  process:  above  H3D.2D ,  the 
longitudinal  dimension  of  the  tunneling  object,  Lc ,  is  smaller  than  the  interlayer  distance,  so  the 
object  is  of  two-dimensional  (2D)  nature  (2D  pancake  vortices).  Below  H3D_2 D,  2D  vortices  in 
neighboring  layers  become  coupled,  so  the  tunneling  object  becomes  three-dimensional  (3D)  in 
nature  (3D  flux-lines).  The  field  dependences  of  R  obtained  for  TIBaCaCuO  2212  phase  and 
YBaCuO  show  only  the  2D  and  3D  vortex  regimes,  respectively.  Well  agreement  between 
theoretical  estimates  and  experimental  values  for  the  dimensional  crossover  field  and  normalized 
relaxation  rates  is  achieved.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)81308-5] 


It  is  well  known  that,  because  of  their  layered  structure 
and  the  confinement  of  conductivity  in  the  Cu02  planes,  the 
superconductive  properties  of  high-Tc  superconductors 
(HTSCs)  present  a  very  anisotropic  behavior.  In  some  cases, 
this  behavior  can  be  described  as  three-dimensional  (3D), 
whereas  in  other  cases  as  two-dimensional  (2D).  The  cross¬ 
over  between  both  dimensionalities  takes  place  when  some 
characteristic  length  along  the  c  axis  is  of  the  order  of  the 
interlayer  spacing  d,  the  physical  meaning  of  this  character¬ 
istic  length  being  different  for  each  property.  Therefore,  at 
the  same  point  in  the  H-T  plane  some  properties  are  2D-like 
while  some  others  are  3D-like,  resulting  in  a  complicated 
phase  diagram.  Among  these  properties,  thermal  fluctuations, 
pinning,  and  creep  of  vortices  are  of  special  interest  for  the 
study  of  the  decay  of  critical  currents  in  HTSCs. 

A  crossover  in  the  dimensionality  of  thermal  fluctuations 
at  very  low  temperatures  has  been  independently  predicted 
by  Vinokur  et  alx  and  FeigeTman  et  al.:2  thermal  fluctua¬ 
tions  are  two-dimensional  as  long  as  the  vortex  lattice  spac¬ 
ing  in  the  a  b  -plane,  a0— (<F0/Z?)1/2,  remains  smaller  than  the 
effective  Josephson  length  characterizing  the  interlayer  cou¬ 
pling  along  the  c-axis,  Rj=yd ,  where  y=(kc/kfl^)  is  the 
anisotropy  parameter  of  the  material  (kc  and  \ab  are  the 
London  penetration  depths  along  the  c  axis  and  ab  plane, 
respectively).  This  conduction  can  be  equivalently  expressed 
in  terms  of  the  magnetic  field  as  Ha>H3D_2 D,  where 

/(y^)2  (1) 

is  called  the  dimensional  crossover  field.  When  the  opposite 
inequality  holds,  thermal  fluctuations  become  3D. 

In  the  case  of  pinning,  the  characteristic  length  of  the 
problem  is  the  longitudinal  dimension  of  the  pinned  object, 
Lc .  A  flux-line  in  the  mixed  state  of  a  HTSC  can  be  pictured 


as  a  stack  of  2D  pancake  vortices  lying  in  adjacent  Cu02 
layers,  connected  by  Josephson  vortices.3  Whenever  Lc<d , 
2D  pancake  vortices  are  independently  pinned  in  each 
copper-oxide  layer,  and  pinning  is  2D  in  nature;  in  the  oppo¬ 
site  case,  2D  pancake  vortices  lying  in  adjacent  layers  are 
coupled  along  the  c-axis  and  pinning  becomes  3D.  Although, 
in  principle,  the  dimensionalities  of  pinning  and  thermal 
fluctuations  are  independent  one  from  each  other,  the  cross¬ 
over  between  2D  and  3D  pinning  of  individual  vortices  at 
very  low  temperatures  is  predicted1  to  be  also  ruled  by 

#3D-2D- 

As  for  the  dimensionality  of  creep,  the  characteristic 
length  in  the  general  case  of  thermal  activation  is  the  perpen¬ 
dicular  dimension  of  the  object  with  respect  to  the  hopping 
direction.4  At  very  low  temperatures,  however,  creep  is 
dominated  by  quantum  motion  of  individual  vortices  and  the 
evolution  of  magnetization  with  time  is  essentially  logarith¬ 
mic  for  very  long  periods.  The  expressions  for  the  3D  and 
2D  quantum  relaxation  rates  normalized  to  the  first  magne¬ 
tization  value,  R  =  \d(MIM0)ld  ln(f)|,  in  the  limit  of  strong 
ohmic  dissipation,  are  given  by  the  QCC  theory  (the  sub¬ 


script  “d”  stands  for  “dissipative  limit”):5 

Rd,3D=(e2/h)(pn/Lc),  for  Lc>d-,  (2a) 

Rd,2D^(e2lh)(Pnld),  for  Lc<d.  (2b) 

In  the  Hall  tunneling  limit  (zero  dissipation),  the  expressions 
are  the  following  (the  subscript  “//”  stands  for  “Hall 
limit”):6 

RH,3D^(ns^Lc)~\  for  Lc>d;  (3a) 

RH,m^{nsed)-\  for  Lc<d  .  (3b) 
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In  these  expressions,  (e2/h)—4A  kfi  is  the  quantum  of  re¬ 
sistance,  p„  is  the  normal  state  resistivity  in  the  ab  plane 
extrapolated  at  zero  temperature,  and  Lc—  (£/ y)(Jo/Jc)  is 
the  collective-pinning  length  along  the  c-axis,  where  the  su¬ 
perconducting  coherence  length  £  deparing  current  density 
J0,  and  critical  current  density  Jc ,  denote  in  afr-plane  val¬ 
ues.  Finally,  ns  is  the  bulk  density  of  superelectrons. 

Notice  that  the  criterion  that  distinguishes  the  creep  di¬ 
mensionality  at  very  low  temperatures  is  again  the  relation 
between  Lc  and  d ,  or,  equivalently,  Ha  and  H3D. 2d:  the  3D 
quantum  rate  holds  for  i7a<//3D_2D,  while  in  the  opposite 
case  is  valid  the  2D  quantum  rate.  Notice  also  that  the  3D 
quantum  rate  is  directly  proportional,  through  Lc  [see  (2a) 
and  (3a)],  to  y.  Recently,  Daemen  et  al?  demonstrated  that 
the  anisotropy  parameter  is  not  a  constant  in  HTSCs,  but  an 
increasing  function  of  H0 ,  directly  reflecting  the  field  depen¬ 
dence  of  the  penetration  depth  along  the  c-axis,  \c(Ha). 
Thus,  the  3D  quantum  rate  is  expected  to  increase  as  Ha 
increases  up  to  H3D_2 D,  above  which  a  crossover  to  the  field- 
independent  [see  (2b)  and  (3b)]  2D  quantum  rate  should  oc¬ 
cur.  In  this  article  we  show  that  the  study  of  the  field  depen¬ 
dence  of  the  normalized  relaxation  rate  at  a  fixed  very  low 
temperature  can  be  a  very  useful  tool  for  the  experimental 
detection  of  the  dimensional  crossover  field. 

Different  polycrystalline  systems  were  investigated:  bulk 
sintered  YBa2Cu307  (Y-123),  Tl2Ba2Ca2Cu3O10  (Tl-2223), 
and  (Hg,Tl)Ba2Ca2Cu308  (Hg-1223),  and  powder 
Tl2Ba2CaCu208  (Tl-2212).  Details  on  each  sample  prepara¬ 
tion  are  described  elsewhere.8  A  commerical  (Quantum  De¬ 
sign)  a.c.  superconducting  quantum  interference  device  mag¬ 
netometer  (1.8  <T<  400  K;  i/max= 55  kOe)  was  used  for  the 
experiments.  The  procedure  performed  for  each  magnetic  re¬ 
laxation  measurement  was  the  following.  The  sample  was 
first  cooled  from  well  above  the  superconducting  transition 
temperature  Tc  down  to  the  target  temperature  with  a  mag¬ 
netic  field  on  [field-cooling  (FC)  process].  Once  the  target 
temperature  was  stable  (the  temperature  stability  in  the  low 
temperature  range  was  0.01  K),  the  field  was  removed  and 
the  time  evolution  of  the  remanent  magnetization  was  re¬ 
corded.  Before  each  new  measurement,  trapped  flux  lines 
were  removed  by  warming  the  sample  well  above  Tc .  At  a 
given  temperature,  the  process  was  repeated  with  different 
magnetic  fields  applied  during  the  FC  process.  For  each  field, 
the  first  magnetization  point  was  recorded  at  60  s,  and  sub¬ 
sequent  data  were  taken  every  70  s,  during  a  period  of  ~1  h. 

In  the  whole  magnetic  field  range  investigated 
(l<//a<50  kOe),  all  relaxation  curves  are  linear  with  the 
logarithm  of  time  in  the  scanned  time  window,  except  for  an 
initial  nonlinear  decay,  which  could  correspond  to  a  recon¬ 
figuration  of  the  inhomogeneous  flux  distribution  caused  by 
the  sudden  suppression  of  the  magnetic  field  just  before  the 
measurement  started.  The  initial  nonlinear  regime  is  en¬ 
hanced  in  the  Tl-2212  system,  probably  due  to  sample  degra- 
tion  or  signal  contribution  from  the  powder  container.  Only 
the  linear  regime  of  each  curve  was  fitted  to  a  time- 
logarithmic  law,  with  great  accuracy  for  all  curves  in  all  the 
samples. 

Figure  1  presents  the  magnetic  field  dependence  of  the 
normalized  relaxation  rates  of  Hg-1223  at  7=2.8  K  and  Tl- 


FIG.  1.  Magnetic  field  dependence  of  the  normalized  relaxation  rates  cor¬ 
responding  to  the  remanent  magnetization  obtained  for  Tl-2223  at  T~  2.4  K 
(circles)  and  Hg-1223  at  T=2.8  K  (squares). 

2223  at  7=2.4  K.  We  show  elsewhere9  that  the  quantum 
regime  manifests  itself  up  to  —2.5—3  K  for  Ha  =  3  and  6  kOe 
in  Tl-2223,  but  only  up  to  —2.1  K  for  Ha  =  3  kOe  in  Hg- 
1223.  Therefore,  while  the  normalized  relaxation  rate  ob¬ 
tained  for  Tl-2223  at  2.4  K  lies  in  the  quantum  regime,  that 
obtained  for  Hg-1223  at  2.8  K  falls  off,  but  near  that  regime. 
Thus,  in  this  case,  R  should  be  not  far  from  its  quantum 
value,  so  we  will  trust  the  results  at  2.8  K  as  representative  of 
the  magnetic  field  dependence  of  the  actual  quantum  rate. 
Let  us  now  turn  to  the  discussion  of  the  results.  Both  curves 
appearing  in  Fig.  1  show  a  common  trend:  R  increases  with 
Ha  up  to  — 10—16  kOe,  and  subsequently  reaches  a  satura¬ 
tion  value  (—1.55%  for  Tl-2223  and  -1.85%  for  Hg-1223). 
As  mentioned  above,  this  behavior  characterizes  a  transition 
in  the  dimensionality  of  the  pinned  object,  from  3D  to  2D  as 
Ha  increases,  the  experimental  dimensional  crossover  field 
being  #3D_2D— 10-16  kOe  for  both  samples.  Substitution  of 
y^ 20  (Ref.  10)  and  A  (Ref.  11)  in  Eq.  (1)  gives 

//3D_2D— 16  kOe  for  Tl-2223,  in  excellent  agreement  with  the 


FIG.  2.  Normalized  relaxation  rate  as  a  function  of  the  magnetic  field  ap¬ 
plied  during  the  FC  process  for  Tl-2212  (circles)  and  Y-123  (squares)  at 
7=  2.4  K. 
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TABLE  I.  Relevant  parameters  for  the  different  samples.  From  top  to  bot¬ 
tom:  anisotropy  parameter  (y);  interlayer  spacing  (d)\  experimental  (exp 
# 3d-2d)  and  estimated  (est  H3D. 2D)  dimensional  crossover  field;  experimen¬ 
tal  (exp  R2 d),  and  dissipatively  (est  2d)  and  Hall  estimated  (est  RH2 d)» 
2D  quantum  rate. 


Tl-2223 

Hg-1223 

Tl-2212 

Y-123 

y 

20 

25-30 

350 

8 

d  (A) 

18 

16 

16 

12 

exp  tf3D-2D  (k0e) 

10-16 

10-16 

est  //3D_2D  (kOe) 

16 

0.07 

225 

exp  R2D  (%) 

1.55 

1.85 

2.4 

est  Rdt 2d  W 

2 

2.3 

2.4 

3 

est  RH  2 d  (%) 

6 

7 

7 

9 

experimental  result.  A  similar  estimate  for  Hg-1223  is  not 
available  for  lack  of  its  anisotropy  parameter  in  the  related 
literature.  Nevertheless,  from  the  experimental  value  of 
H 3d_2d  we  can  giye  an  estimate  of  y.  Using  Eq.  (1)  and 
assuming  a  value  for  d  similar  to  the  c  axis  of  the  tetragonal 
unit  cell,  d~\6  A,  y—  30  is  obtained,  similar  to  that  of  Tl- 
2223  (y^20)  and  Bi-2223  (y-30),12  and  larger  than  that  of 
the  1223  phase  of  the  Tl-free  Hg-based  system  (y— 7). 13  Fi¬ 
nally,  substitution  of  typical  HTSCs  values  [p„  — 15  /id  cm, 
ns~  1012  cm"3,  £—30  A]  in  Eqs.  (2b)  and  (3b)  gives  an 
estimate  of  the  2D  quantum  plateau.  Thus,  Rd2 d  —  2%  and 
Rh,2d  ”  6%  for  Tl-2223,  and  Rd2 d  ~  2.3%  and  R^  2 d 
—  7%  for  Hg-1223,  are  obtained,  in  good  qualitative  (in  the 
case  of  Rdt 2D>  also  quantitative)  agreement  with  the  experi¬ 
mental  plateau  values. 

The  magnetic  field  dependence  of  the  normalized  relax¬ 
ation  rates  of  Tl-2212  and  Y-123  at  T=2.4  K  is  shown  in 
Fig.  2.  Two  different  behaviors  can  be  observed.  For  Tl- 
2212,  the  data  are  scattered  around  a  plateau  of  —2.4%,  the 
minimum  value  of  Ha  being  2  kOe.  In  the  case  of  Y-123,  R 
presents  an  initial  fast  increase  up  to  Ha—  10  kOe,  above 
which  slows  down  but  does  not  reach  a  constant  value.  Both 
dependences  can  be  understood  by  estimating  the  dimen¬ 
sional  crossover  field  of  each  sample.  Substitution  in  Eq.  (1) 
of  y* 350  (Ref.  14)  and  15  A  (Ref.  11),  and  y-8  (Ref. 
15)  and  d~ 12  A  (Ref.  16),  gives  H3D_2D~0.01  and  —225 
kOe  for  Tl-2212  and  Y-123,  respectively.  This  means  that  in 
the  case  of  Tl-2212  we  are  detecting  only  the  2D  regime, 
while  only  the  3D  regime  shows  up  for  Y-123.  A  more  accu¬ 
rate  magnetic  fields  scan  of  the  latter,  including  extension  to 
fields  >55  kOe,  is  needed  in  order  to  clarify  the  two  different 
increasing  regimes  which  cannot  be  simply  understood  in  the 
context  of  the  present  work.  Finally,  the  experimental  plateau 


value  observed  for  Tl-2212,  -2.4%,  is  in  excellent  quantita¬ 
tive  agreement  with  the  2D  dissipative  estimate  [Eq.  (2b)], 
Rd  2D  —  2.4%,  but  compares  only  qualitatively  to  the  Hall 
estimate  [Eq.  (3b)],  R H>2D  —  7  % .  Table  I  summarizes  the  rel¬ 
evant  experimental  and  estimated  parameters  of  the  different 
samples  investigated. 

In  summary,  we  have  investigated  the  magnetic  field  de¬ 
pendence  at  very  low  temperatures  of  the  normalized  relax¬ 
ation  rate  of  four  different  HTSCs.  A  crossover  in  the  dimen¬ 
sionality  of  the  object  involved  in  the  quantum  process  has 
been  detected  in  two  samples  (Tl-2223  and  Hg-1223).  In  the 
other  samples,  only  2D  (Tl-2212)  or  3D(Y-123)  behavior 
could  be  observed.  An  exhaustive  scan  of  the  whole  mag¬ 
netic  field  range  is  needed  to  obtain  more  accurate  values  of 
the  dimensional  crossover  field  H3D_2D. 
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Vortex  gliding  between  Cu-0  planes  in  an  anisotropic  high  temperature 
superconductor  (abstract) 

C.  A.  Duran 

Phase  Metrics,  10260  Sorrento  Valley  Road,  San  Diego,  California  92121 

P.  L.  Gammel  and  D.  J.  Bishop 

AT&T  Bell  Laboratories,  600  Mountain  Avenue,  Murray  Hill,  New  Jersey  07974 

The  magnetooptical  technique  was  used  to  directly  observe  the  magnetic  flux  penetration  in  single 
crystals  of  the  La-Sr-Cu-0  superconductor.  The  large  size  of  the  crystals  (several  millimeters 
along  the  three  axes)  allows  for  observations  to  be  made  along  the  different  crystalline  orientations. 

In  a  previous  study,1  we  reported  on  direct  measurements  of  critical  currents  and  the  dependence  of 
their  anisotropy  on  the  amount  of  Sr  doping.  When  looking  at  the  behavior  of  vortices  which  are 
parallel  to  the  Cu-0  planes,  we  observed  that  the  roughness  of  the  flux  fronts  was  greatly  magnified 
for  the  highly  anisotropic  samples.  This  suggested  that  the  vortices  were  moving  between  the  planes, 
as  if  they  were  in  independent  channels.  In  this  communication,  we  report  on  observations  made 
when  an  additional  field  component  is  applied  along  the  c  axis.  Our  experiments  show  that  this 
additional  component  strongly  suppresses  the  vortex  penetration,  drastically  reducing  the  apparent 
anisotropy  of  the  critical  currents.  We  argue  that  this  behavior  is  consistent  with  a  picture  in  which 
the  vortices  easily  move  (“glide”)  between  the  Cu-0  planes,  and  only  feel  the  pinning  potential 
when  they  are  tilted  by  the  additional  field  component,  and  thus  forced  to  “puncture”  the 
planes.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)63608-X] 


Experimental  work  done  at  AT&T  Bell  Laboratories,  Murray  Hill,  New 
Jersey  07974. 
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Magnetic  field  and  temperature  dependence  of  critical  current  densities  in 
multilayer  YBa2Cu307_£  films 

S.  Afonso,  F.  T.  Chan,  K.  Y.  Chen,  G.  J.  Salamo,  Y.  Q.  Tang,  R.  C.  Wang,a)  X.  L.  Xu,b) 
and  Q.  Xiong 

Physics  Department/High  Density  Electronics  Center,  University  of  Arkansas,  Fayetteville,  Arkansas  72701 

G.  Florence,  S.  Scott,  S.  Ang,  W.  D.  Brown,  and  L.  W.  Schaper 

Electrical  Engineering  Department/High  Density  Electronics  Center,  University  of  Arkansas,  Fayetteville, 

Arkansas  72701 

In  order  to  build  high-temperature  superconductor  (HTS)  multichip  modules  (MCMs),  it  is 
necessary  to  grow  several  epitaxial  layers  of  YBCO  that  are  separated  by  thick  dielectric  layers 
without  seriously  affecting  the  quality  of  the  YBCO  layers.  In  this  work,  we  have  successfully 
fabricated  YBCO/YSZ/Si02/YSZ/YBCO  structures  on  single-crystal  LaA103  substrates  using  a 
combination  of  pulsed  laser  deposition  for  the  YBCO  layers  and  ion-beam-assisted  rf  sputtering  to 
obtain  biaxially  aligned  YSZ  intermediate  layers.  The  bottom  YBCO  layer  had  a  Tc  —  89  K, 

7.2X  105  A/cm2  at  77  K,  whereas  the  top  YBCO  layer  had  a  Tc— 86  K,  6X  I05  A/cm2  at 
77  K.  The  magnetic  field  and  temperature  dependence  of  J  c  for  the  YBCO  films  in  the  multilayer 
have  been  obtained.  The  results  for  each  of  the  YBCO  layers  within  the 
YBCO/YSZ/Si02/YSZ/YBCO  structure  are  quite  similar  to  those  for  a  good  quality  single-layer 
YBCO  film.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)03308-9] 


I.  INTRODUCTION 

In  electronic  applications  of  high-temperature  supercon¬ 
ductor  (HTS)  thin  films,  the  critical  current  density  ( J  c )  is  an 
important  characteristic.  One  of  the  potential  applications  of 
high-temperature  superconducting  films  is  as  electronic  inter¬ 
connects  on  a  multichip  module  (MCM).1  Since  there  are  a 
minimum  of  two  HTS  thin  films,  separated  by  thick  dielec¬ 
tric  layers  required,  in  HTS  multichip  modules  (MCMs),  it  is 
necessary  to  know  if  the  quality  of  the  HTS  layers  is  still 
maintained  after  the  entire  fabrication  process  is  completed. 
In  addition  to  the  critical  temperature  (Tc)  and  critical  cur¬ 
rent  density  at  zero  field,  the  dependence  of  Jc  on  an  exter¬ 
nally  applied  magnetic  field  and  the  temperature  for  the  en¬ 
tire  multilayer  structure  is  crucial  information  for  electronic 
applications.  The  YBCO/YSZ/Si02/YSZ/YBCO  multilayer 
structure  has  been  fabricated  by  Reade  et  al?  They  reported 
cracking  in  the  top  YBCO  layer,  which  limited  their  investi¬ 
gation  of  the  properties  of  the  multilayered  structure. 

In  this  article,  we  report  a  study  of  the  temperature  and 
magnetic  field  dependence  of  Jc  for  both  YBCO  layers  in  a 
YBCO/YSZ/Si02/YSZ/YBCO  multilayer  structure3  per¬ 
formed  by  the  magnetization  method.  Our  results  show  that 
the  temperature  and  magnetic  field  dependence  of  Jc  of  the 
YBCO  layers  of  these  samples  are  similar  to  those  of  high 
quality  single-layer  YBCO  thin  films. 

II.  EXPERIMENT 

The  YBC0/YSZ/Si02/YSZ/YBC0  multilayer  samples 
investigated  here  were  prepared  by  using  a  combination  of 
pulsed  laser  deposition  and  ion-beam-assisted  magnetron 
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sputtering.  Details  of  the  technique  will  be  described 
elsewhere.3  In  short,  a  200-nm-thick  YBa2Cu307_(5  (bottom 
YBCO,  layer  1)  film  was  deposited  on  a  single-crystal 
LaA103  substrate  (100  orientation  and  area  1X1  cm2)  by 
pulsed  laser  ablation  at  a  substrate  temperature  of  —750  °C. 
Ion-beam-assisted  rf  sputtering  was  used  to  deposit  biaxially 
aligned  200-nm-thick  yttria-stabilized  zirconia  (YSZ)  as  a 
capping  layer  (layer  2).  Next  a  1 -/turn-thick,  amorphous  Si02 
layer  (layer  3)  was  deposited  on  layer  2  at  room  temperature 
by  rf  sputtering.  The  capping  layer  (YSZ)  is  used  to  prevent 
diffusion  of  the  third  Si02  layer  into  the  top  YBCO  layer.  A 
fourth  layer  (biaxially  aligned  YSZ)  was  then  deposited  on 
the  Si02  layer  to  a  thickness  of  200  nm  using  the  same 
method  as  for  layer  2.  This  layer  is  very  important.  It  not 
only  functions  as  protection  against  the  diffusion  of  the  third 
Si02  layer  into  the  YBCO  layer,  it  also  allows  good  epitaxial 
YBCO  growth  if  it  has  a  well-aligned  structure.  Finally,  the 
top  YBCO  layer  (layer  5)  was  deposited  by  laser  ablation 
under  the  same  conditions  as  was  used  for  layer  1. 

The  orientation  of  the  YSZ  and  YBCO  layers  was  char¬ 
acterized  by  x-ray  diffraction.  The  magnetization  M(H)  loop 
was  measured  using  a  Quantum  Design  Magnetometer  in 
fields  up  to  4  T,  applied  parallel  to  the  c-axis  direction  and  at 
a  fixed  temperature.  This  was  repeated  for  different  tempera¬ 
tures  ranging  from  5  to  77  K.  The  values  of  Jc  were  calcu¬ 
lated  using  Bean’s  model.  The  electrical  resistance  was  mea¬ 
sured  using  the  standard  four-lead  technique. 

III.  RESULTS  AND  DISCUSSION 

X-ray  diffraction  data  showed  that  all  samples  investi¬ 
gated  here  were  single-phase  highly  c-axis  oriented  with 
very  good  in-plane  epitaxy  (Fig.  1).  There  were  no  cracks 
observed  in  the  top  YBCO  layer.  The  resistance  R(T)  and 
magnetization  M(T)  of  the  samples  were  carefully  measured 
for  each  YBCO  layer.  Figure  2  shows  the  typical  resistance 
as  a  function  of  temperature  for  the  top  YBCO  layer.  The 
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FIG.  3.  Logarithmic  plots  of  Jc  vs  1  -t  for  each  of  the  YBCO  layers  within 
FIG.  1.  6-26  x-ray  diffractometer  pattern  for  the  YBCO/YSZ/Si02/  YSZ/  the  multilayer  structure.  Straight  lines  are  the  curve  fits  to  (1  —  t)n,  where 

YBCO  structure  on  [001]  LaA103  (*:  indicate  substrate  impurity  peaks  seen  n~\3  for  H=  0.0  T  and  n~ 2.1  for  tf  =  0.8  T. 

in  the  bare  substrates  of  the  same  batch). 


zero  resistance  temperature  for  this  YBCO  layer  is  about  86 
K  with  a  transition  width  of  about  2  K.  The  M(T)  data  for  a 
multilayer  sample  are  shown  in  the  inset  of  Fig.  2.  As  can  be 
seen  in  the  inset  of  Fig.  2,  the  onset  transition  of  the  M(T) 
curve  is  about  89  K.  A  second  transition  (indicated  by  the 
arrow  in  the  inset  of  Fig.  2)  is  consistent  with  the  Tc  of  the 
top  YBCO  layer  measured  by  the  transport  method  (Fig.  2). 
In  order  to  verify  this,  Tc  was  remeasured  again  after  the  top 
layer  of  YBCO  was  etched  away  by  using  a  dilute  EDTA 
solution,  and  the  onset  transition  was  found  to  be  about  89  K. 

The  critical  current  density  Jc  of  the  samples  were  mea¬ 
sured  by  the  magnetization  method  and  calculated  using 
Bean’s  model.  For  a  rectangular  single-layer  film,  Jc  can  be 
calculated  from  the  following  formula:4 

J  c  —  10[M +(H)~ M -(H)]fLi[l  " (L1/3L2)]Vr.  (1) 

In  Eq.  (1),  M+(H )  and  M -(H)  are  the  magnetization  of 
the  decreasing  and  increasing  field  branches  in  electromag¬ 
netic  units  (emu),  respectively;  V  is  the  volume  of  the  thin 


film  in  cm3;  Lx  and  L2  are  the  short  and  long  sides  of  the 
samples  in  cm,  respectively.  We  have  assumed  that  J  c  is 
independent  of  the  B  field  and  excluded  the  anisotropic  criti¬ 
cal  currents  in  the  above  calculation.  In  order  to  determine  J  c 
of  both  the  top  and  bottom  YBCO  layers,  the  magnetization 
M  +  (H)  and  M™(H)  for  the  multilayer  film  was  measured 
first,  then  the  magnetization  M+(H)  and  Mt(H)  for  the 
bottom  layer  was  measured  after  the  top  layer  of  YBCO  was 
etched  away.  In  this  article  we  use  superscript  t  and  b  for  the 
parameters  related  to  the  top  and  bottom  YBCO  layer  in  the 
multilayer  film,  then  Jc  for  the  bottom  layer  should  be 

Jbc=lO[Mb+(H)-MlL(H)]/Lb1[l-(Lbl/3Lb2)]Vb,  (2) 

and  for  the  top  layer  in  the  multilayer  film, 

j‘c=10{[Mm+(H)-Mb+(H)] 

-[M'l(H)-Mb_(H)]}/L\[l-(L'1/3L,2)]Vt.  (3) 

The  Jc  of  the  top  YBCO  layer  was  found  to  be  about  6X105 
A/cm2,  and  a  value  of  —7.2X  105  A/cm2  was  obtained  for  the 
bottom  layer  at  77  K  under  zero  magnetic  field.  /c,  as  a 


FIG.  2.  Resistance  vs  temperature  for  the  top  YBCO  layer  in  the  YBCO/ 
YSZ/Si02/YSZ/YBC0/LaA103  multilayer  structure.  Inset:  magnetization  M 
as  a  function  of  T  for  the  entire  multilayer  structure. 


FIG.  4.  Magnetic  field  dependence  of  J  c  for  top  and  bottom  YBCO  layers  at 
35  K.  Field  is  applied  perpendicular  to  a-b  plane. 
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function  of  (1  ~t),  is  shown  in  Fig.  3  for  different  values  of 
the  magnetic  field,  where  t=T/Tc.  It  was  found  that,  for 
both  YBCO  layers,  the  temperature  dependence  of  Jc  is  simi¬ 
lar  to  that  for  a  good  quality,  single-layer  YBCO  film.5-7  The 
magnetic  field  dependence  of  J  c  for  both  YBCO  layers  at  35 
K  are  shown  in  Fig.  4.  It  clearly  shows  that  Jc  for  both  top 
and  bottom  YBCO  films  essentially  has  the  same  magnetic 
field  dependence  as  that  for  the  high  quality,  single-layer 
YBCO  film.5"7 

IV.  SUMMARY 

A  good  quality  YBCO  multilayer  structure  has  been  fab¬ 
ricated  using  laser  ablation  and  ion-beam-assisted  rf  sputter¬ 
ing.  The  dependence  of  Jc  on  the  temperature  and  magnetic 
field  for  both  YBCO  layers  in  the  multilayer  has  been  deter¬ 
mined.  The  results  suggest  that  the  temperature  and  magnetic 
field  dependence  of  Jc  of  the  YBCO  layers  in  the  multilayer 
structure  are  not  altered  appreciably  by  the  multilayer  growth 
processes. 
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Flux  trapping  and  levitation  forces  in  directionally  solidified 
superconducting  YBa2Cu307  ingots 
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YBa2Cu307  cylinders  with  10%-20 %  of  Y2BaCu05  and  1%  Ce02  additions  have  been  directionally 
solidified  under  a  temperature  gradient.  It  is  shown  that  a  steady  growth  regime  of  domains, 
typically  1  cm  in  diameter,  is  established  after  polynucleation  at  the  bottom  of  the  cylinders  on  the 
substrate  interface.  The  length  of  the  region  where  a  steady  growth  proceeds  is  limited  by  the  liquid 
loss,  which  induces  an  enrichment  in  unreacted  Y2BaCu05  in  the  upper  part  of  the  cylinder  and  a 
poly  crystalline  structure.  The  vertical  and  lateral  magnetic  levitation  forces  and  flux  trapping 
profiles  have  been  measured  and  a  direct  correlation  with  the  size  and  location  of  the  domains  has 
been  found.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)03408-5] 


I.  INTRODUCTION 

Development  of  high  Tc  superconducting  materials  for 
levitation  and  stabilization  purposes  needs  an  optimization  of 
bulk  electromagnetic  properties  of  relatively  large  shaped 
specimens.  To  this  regard  the  first  issue  is  to  obtain  single 
domain  ingots,  free  from  large  angle  grain  boundaries.  Mag¬ 
netic  levitation  applications  based  in  YBa2Cu307  (YBCO) 
bulk  superconducting  materials  can  nowadays  be  developed 
because  melt  processing  techniques  allow  the  fabrication  of 
big  tiles  with  high  critical  currents.1,2  The  growth  process  of 
these  big  tiles  (2-3  cm  in  diameter)  is  however  complex  and 
several  techniques,  such  as  top  seeding,  have  been  used  to 
control  the  nucleation  processes.3,4  Directional  solidification 
under  a  small  temperature  gradient  is  the  simplest  method  to 
control  the  growth  process  and  it  has  been  indeed  used  suc¬ 
cessfully  in  the  growth  of  long  YBCO  bars  with  small  cross 
sections  (<£^8  mm).5,6  The  extension  of  this  methodology  to 
bigger  cross  sections  is  not  without  difficulties  and  an  ex¬ 
haustive  study  of  the  process  methodology,  in  connection 
with  microstructural  observations  and  levitation  force  mea¬ 
surements,  is  needed.  In  this  work  we  present  preliminary 
results  concerning  the  growth  process  of  cylinders  having  20 
mm  in  diameter,  as  well  as  characterize  their  texture,  flux 
trapping  properties,  and  magnetic  levitation  forces. 

II.  DIRECTIONAL  SOLIDIFICATION 

Presintered  cylindrical  pellets  with  a  typical  height  of  30 
mm  and  a  diameter  of  20  mm,  and  compositions:  (A) 
(123) -F 10  wt.  %  (211),  (B):  123  +  15%  211,  and  (C):  123 
+20%  211,  are  slowly  cooled  at  1  °C/h  from  a  maximum 
temperature  of  1060  °C  in  a  temperature  gradient  of  10  °C / 
cm.  All  samples  contain  1  wt.  %  Ce02  addition  because  it 
allows  to  optimize  the  melt  viscosity  and  to  refine  the  result¬ 
ant  211  precipitate  size.5,6  In  this  work,  only  samples  nucle¬ 
ated  at  the  bottom  are  investigated.  The  alumina  substrates 
are  covered  by  some  Ce02  powder  in  order  to  avoid  reaction 
with  the  ceramic  block. 

From  microstructural  observations,  using  polarized  light, 
scanning  electron  microscopy,  and  x-ray  diffraction  pole 
figures,7  we  can  conclude  that  three  regions  characterize 
these  cylinders.  In  region  I  above  the  interface  with  the  sub¬ 
strate,  a  multinucleation  process  occurs.  In  region  II  a  few 


domains  remain  after  a  growth  competition  stage  (typically 
2-4,  depending  on  the  211  content).  No  major  porosity  was 
observed  in  the  samples  and  the  211  precipitates  were  dis¬ 
tributed  homogeneously  in  this  initial  region  of  the  crystalli¬ 
zation  (about  10  mm  in  height).  However,  when  advancing 
vertically  along  the  cylinder,  a  progressive  increase  of  the 
concentration  of  211  phase  is  observed  due  to  some  liquid 
loss  which  perturbs  the  steady  growth  of  the  big  domains 
and,  finally,  originates  new  nucleation  phenomena  (region 
III).  We  conclude  then  that  only  the  central  10-20  mm  of  the 
cylinder  can  be  used  to  investigate  the  levitation  force  of 
these  materials. 

X-ray  pole  figures  indicated  that  in  zone  II  the  bigger 
domain  has  the  c  axis  aligned  along  the  cylinder  axis  while 
the  c  axis  of  the  secondary  domains  lie  30-45  deg  apart. 
Finally,  in  region  III,  where  an  enrichment  in  211  phase  oc¬ 
curs,  the  number  of  domains  is  much  higher  indicating  a 
multinucleation  process.7 

Inductive  critical  currents  of  small  pieces  (few  mm)  ex¬ 
tracted  from  single  domains  have  been  found  to  be  very 
similar  to  those  previously  published  on  samples  with  similar 
concentration  of  211  particles  (up  to  105  A/cm2  at  77  K  and 
zero  field).8 

III.  LEVITATION  FORCES 

The  integral  vertical  levitation  force  ( Fz )  and  the  trans¬ 
versal  force  ( Fx )  were  measured  for  different  samples  at  77 
K  by  using  a  triaxial  force  sensor  based  on  strain  gauges  and 
having  a  computer  controlled  movement  along  two  perpen¬ 
dicular  (z,x)  axis.  All  the  materials  were  tested  with  the 
same  NdFeB  (PM)  having  <£=25  mm,  h  =  20  mm,  and 
Br=  0.3  T  placed  above  the  superconducting  cylinders  (SCs) 
of  dimensions:  <£=19  mm,  h™  13  mm.  The  relative  displace¬ 
ment  of  the  superconductor  and  the  magnet  was  done  quasi- 
statically  (1.2  mm/s).  Because  of  the  growing  conditions  it 
will  become  important  to  distinguish  between  measurements 
performed  approaching  the  magnet  towards  the  top  (Top)  or 
the  bottom  (Bot)  of  the  samples.  In  Fig.  1(a)  we  show  a 
typical  levitation  force  loop  obtained,  after  a  zero  field  cool¬ 
ing  (ZFC)  procedure,  for  sample  B  in  the  Top  configuration. 
In  the  figure  we  also  include  the  hysteresis  loop  obtained 
after  the  first  cycle,  where  it  is  clear  that  the  trapped  flux 
considerably  decreases  the  vertical  force.  This  effect  can  be 
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<a>  Z  (mm) 


FIG.  1.  Axial  force  vs  displacement  loops  obtained  for  sample  B  in  the  Top 
(a)  and  Bot  (b)  configurations  after  a  ZFC  process.  In  (a)  FC  measurements 
are  also  included. 


FIG.  2.  Transverse  force  vs  lateral  displacement  after  a  FC  process,  (a)  and 
(b)  refer  to  measurements  performed  with  the  larger  and  smaller  PM,  re¬ 
spectively. 


even  better  appreciated  in  the  hysteresis  loop  obtained  after  a 
FC  procedure  where  trapped  flux  is  greater  [see  Fig.  1(a)] 
and  the  maximal  repulsive  force  is  only  about  1/4  of  the 
force  obtained  after  a  ZFC.  This  difference  arises  because  of 
the  higher  magnetization  obtained  after  a  ZFC  process  in 
samples  having  strong  flux  pinning  where  the  flux  front  does 
not  penetrate  the  sample  completely.  In  Fig.  1(b)  we  show 
the  force  versus  displacement  loops  obtained  for  sample  B  in 
the  Bot  configuration  (two  domains  in  the  x-ray  pole  fig¬ 
ures).  The  essential  features  of  this  figure  are  identical  to 
those  of  the  Top  configuration,  however  Fz(z)  is  signifi¬ 
cantly  lower  in  the  Top  case.  This  result  is  in  agreement  with 
the  observation  of  a  multidomain  growth  in  the  upper  part  of 
the  cylinders  (near  Region  III)  as  discussed  above.  Similarly, 
the  maximum  repulsive  force  of  sample  C  only  achieves 
47%  of  that  on  B  sample,  also  in  agreement  with  the  increase 
in  the  number  of  domains  in  the  x-ray  pole  figures.  The 
maximal  ideal  repulsive  force  for  our  particular  SC/PM  ge¬ 
ometry  assuming  a  fully  shielded  state  has  been  evaluated 
using  finite  element  electromagnetic  calculations.9  We  have 
estimated  that  the  measured  maximal  F7  is  about  45%  of  the 
ideal  corresponding  to  a  magnetic  pressure  of  5.7  N/cm  . 
Similar  percentages  have  been  reported  recently.10 

The  axial  levitation  force  of  a  permanent  magnet  over  a 
superconductor  is  proportional  to  the  z  component  of  the 
vector:  d¥=(M-V)BexdV ,  where  Bex  is  the  induction  gener¬ 
ated  by  the  magnet  and  M  is  the  magnetization  of  the  super¬ 
conductor.  If  large  angle  grain  boundaries  exist  among  the 


single  domains,  flux  penetration  occurs  through  these  bound¬ 
aries  and  the  critical  state  is  established  only  within  the 
single  domains.  In  this  way  M  and  Fz  are  reduced  even  if  Jc 
remains  constant  within  the  domains. 

Transverse  force  measurements  were  also  obtained  when 
a  lateral  displacement  was  introduced  after  a  field  cooling 
process.  A  typical  hysteresis  loop  is  displayed  in  Fig.  2(a) 
where  the  magnet  stays  at  1.5  mm  above  the  superconductor 
B  (15%  211).  The  stiffness  constant  corresponding  to  the 
linear  recuperation  force  observed  near  the  origin  was  found 
to  be  300  N/m.  Although  this  value  is  similar  to  that  ob¬ 
served  by  other  authors  in  similar  geometries,11  we  should 
recall  that  the  shape  of  the  Fx(x)  loop  is  strongly  dependent 
on  the  particular  configuration  PM/SC  used.  As  an  example, 
we  have  performed  Fx(x)  measurements  by  using  a  PM  with 
reduced  dimensions  (<£=12  mm,  h  —  5  mm,  and  Br—  0.12  T). 
Comparison  of  Figs.  2(a)  and  2(b)  strongly  emphasizes  this 
important  technological  point  and  illustrates  that  the  maxi¬ 
mal  restoring  force  is  obtained  when  the  PM  reaches  the 
edges  of  the  SC.  We  also  note  that  a  clear  asymmetry  is 
observed  in  the  transversal  force  hysteresis  loops  Fx(x ).  This 
anomalous  behavior  reflects  the  absence  of  cylindrical  sym¬ 
metry  associated  to  the  two  prominent  domains  observed  in 
the  x-ray  texture  analysis.  We  suggest  that  transversal  force 
hysteresis  loops  can  be  used  as  a  sensitive  tool  to  detect  the 
existence  of  a  multidomain  structure  without  uniaxial  sym¬ 
metry.  Similar  measurements  performed  for  sample  C  have 
revealed  smaller  lateral  forces. 
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(b)  Y(mm) 

FIG.  3.  Remanent  induction  Bz( x)  and  Bz(y )  flux  profiles  scanned  along 
two  perpendicular  directions  after  a  0.29  T  FC  process,  (a)  B  sample  Bot,  (b) 
B  sample  Top. 


An  additional  test  of  the  sample  homogeneity  can  be 
gained  by  means  of  remanence  magnetic  field  profiling  with 
Hall  microprobes.  Measurements  have  been  performed  in  the 
remanent  state,  after  cooling  the  samples  in  fields  of  0.29  T 
generated  by  a  permanent  magnet.  In  Fig.  3(a)  we  show 
Bz(x)  and  Bz(y )  flux  profiles  in  B  sample  (Bot).  A  promi¬ 
nent  asymmetry,  similar  to  that  observed  in  transverse  force 
measurement,  is  appreciated.  Measurements  have  also  been 
performed  in  the  Top  configuration  where  a  decrease  of  the 
remanence  is  found  in  agreement  with  the  lower  levitation 
forces  [Fig.  3(b)].  This  unequal  electromagnetic  behavior  of 


both  faces  of  the  superconducting  sample  also  raises  the 
question  of  the  relevance  of  the  thickness  on  the  final  perfor¬ 
mance  of  the  samples. 

Flux  mapping  measurements  can  be  used  to  compute  the 
current  distribution  in  the  superconducting  samples.12  How¬ 
ever  the  multidomain  character  of  the  samples  introduces  a 
some  uncertainty  concerning  the  definition  of  the  critical 
state.  Further  theoretical  analysis  of  these  measurements  will 
be  reported  elsewhere.9 

In  conclusion,  we  have  shown  that  the  directional  solidi¬ 
fication  process  allows  the  fabrication  of  long  cylinders  of 
YBa2Cu307  for  developing  big  tiles  for  magnetic  levitation 
applications.  The  optimization  of  the  performance  of  these 
tiles  requires  to  limit  the  multinucleation  process  which  in¬ 
duces  the  formation  of  several  domains  and  reduces  the  levi¬ 
tation  force. 
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Magnetostatic  effect  of  the  micron-size  ferromagnetic  particle  array  on  a  two-dimensional 
superconductor  was  investigated.  In  the  bare  Nb  film,  a  sharp  drop  in  magnetization  due  to  the  flux 
rearrangement  was  observed,  whereas  this  behavior  was  not  observed  for  the  Nb  film  with  the 
ferromagnetic  particles  arranged  on  top.  The  difference  in  the  magnetization  curves  may  be 
attributed  to  the  regulated  flux  penetration  process  by  the  ferromagnetic  particle  array.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)01 108-2] 


I.  INTRODUCTION 

The  hybrid  system  is  a  two-dimensional  superconducting 
film  covered  with  ferromagnetic  square  particles  of  micron 
size.  The  magnetic  particles  are  arrayed  in  a  square  lattice 
and  are  uniaxially  magnetized  along  an  edge.  The  array  pro¬ 
duces  a  spatially  modulated  stray  field  which  periodically 
suppresses  the  superconducting  order  parameter  of  the  un¬ 
derlying  Nb  film.  The  hybrid  system  thus  exhibits  some  in¬ 
teresting  behaviors.  The  transition  temperature  measured  in  a 
perpendicularly  applied  magnetic  field  to  the  Nb  film  surface 
shows  the  quantum  oscillation1,2  reminiscent  of  the  Little- 
Parks  oscillation.3  Moreover,  the  particle  acts  as  a  magnetic 
flux  guide  which  regulates  the  flux  penetration  into  the  Nb 
film.4  Interesting  behaviors  are  also  observed  in  the  field  de¬ 
pendence  of  the  magnetization.  The  hysteresis  loop  of  the 
bare  Nb  film  exhibits  an  anomalous  magnetization  drop  be¬ 
low  2.5  mT,  while  that  of  the  hybrid  system  does  not  show 
such  a  tendency4  except  for  the  periodical  flux  jumps.  These 
flux  jumps  are  attributed  to  the  flux  quantization  into  the 
normal  core  created  by  the  stray  field  of  the  particle.5 

In  this  study,  we  focus  our  discussion  on  the  origin  of  the 
magnetization  drop  observed  in  the  bare  Nb  film  in  relation 
to  the  magnetostatic  effect  observed  in  the  hysteresis  loop  of 
the  hybrid  system. 

II.  EXPERIMENT 

An  array  of  ferromagnetic  amorphous  Sm33Co67  par¬ 
ticles  were  fabricated  on  a  Nb  film  of  20  nm  thickness  by 
means  of  high-resolution  electron-beam  lithography  and 
sputter  deposition  techniques.  The  details  of  the  sample 
preparation  are  described  in  Refs.  1  and  5.  During  the  depo¬ 
sition  of  Sm33Co67,  the  magnetic  field  of  50  mT  was  applied 
parallel  to  an  edge  of  the  particles.  This  procedure  induced 
the  uniaxial  magnetic  anisotropy  of  1X105  J/m3  along  the 
edge.  It  is  remarked  that  the  magnetic  particles  are  sand¬ 
wiched  by  Si3N4  buffer  and  protecting  layers  (20  nm  in 
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thickness)  in  order  to  avoid  the  superconducting  proximity 
effect  and  the  oxidation  of  the  particle  surface.  The  array 
consists  of  2X105  square  particles  with  an  edge  length  of  2 
pm,  a  thickness  of  200  nm,  and  a  separating  distance  of  4 
pm.  The  dimensions  of  the  underlying  Nb  film  are  2  mmX2 
mmX20  nm.  With  the  aim  of  clarifying  the  effect  of  the 
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(a)  H0Ha  (mT) 


0  5  10  15  20 


(b)  ^0Ha(mT) 

FIG.  1.  Magnetic  hysteresis  loops  for  Nb  films  without  magnetic  particles, 
(a)  and  (b)  show  the  variation  of  the  loop  with  temperature  and  thickness, 
respectively.  The  arrows  in  (a)  indicate  the  peak  field  Hp  . 
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FIG.  2.  Schematic  view  of  the  flux  line  profiles  and  the  flux  density  distri¬ 
butions  inside  the  Nb  film  in  the  case  of  (a)  fi0Ha>(l—N)Mr  and  (b) 
/n0Ha<(l  —  N)Mr ,  where  B  and  B'  represent  the  flux  density  due  to  the 
external  field  and  the  stray  field,  respectively. 


aspect  ratio  on  the  rearrangement  of  the  flux  distribution,  the 
following  disk-shaped  Nb  films  with  different  diameters  D 
and  thickness  *  were  prepared,  denoted  as  NB1  (£>=2.5  mm, 
*=20  nm),  NB2  (Z)= 2.0  mm,  *=20  nm),  NB3  (£>=2.0  mm, 
*=50  nm),  and  NB4  (£>=2.0  mm,  *=100  nm). 

The  magnetic  hysteresis  loop  was  measured  as  a  func¬ 
tion  of  temperature  by  using  a  rotating  sample  SQUID 
magnetometer5  and  a  vibrating  sample  magnetometer.  Prior 
to  the  magnetization  measurement,  the  sample  was  zero  field 
cooled  to  the  desired  temperature,  and  then  the  measurement 
was  performed  in  perpendicularly  applied  magnetic  fields  to 
the  Nb  film  surface  between  -20  and  +20  mT. 


FIG.  3.  Relationship  between  the  peak  field  f^QHp  and  the  stray  field  exert¬ 
ing  near  the  edge  of  the  sample  NMr  for  the  Nb  films  (open  circles)  and  for 
the  hybrid  system  (closed  triangle). 
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FIG.  4.  Magnetic  hysteresis  loops  for  the  Nb  film  with  ferromagnetic 
Sm33Co67  particles. 


III.  RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  the  hysteresis  loops  of 
the  NB1  sample  is  shown  in  Fig.  1(a),  where  the  arrow  in¬ 
dicates  the  peak  field  fx^Hp  at  which  the  magnetization  be¬ 
gins  to  exhibit  a  steep  fall.  The  peak  field  gradually  de¬ 
creases  with  increasing  temperature  from  4.5  K  and 
disappears  at  6  K.  Hysteresis  loops  as  a  function  of  Nb  thick¬ 
ness  are  shown  in  Fig.  1(b)  for  the  film  with  a  constant 
diameter  of  2.0  mm.  As  seen  in  the  figure,  no  magnetization 
drop  is  observed.  It  should  be  noticed  that  the  drop  is  not 
observed  in  the  sample  NB2  with  the  same  thickness  as  the 
sample  NB1,  the  hysteresis  loop  of  which  exhibits  the  mag¬ 
netization  drops  below  5.5  K.  This  suggests  that  the  aspect 
ratio  */£>  may  play  an  important  role  for  the  appearance  of 
the  magnetization  drop.  From  the  fact  that  the  aspect  ratio  is 
in  proportion  to  the  demagnetizing  factor  N ,  the  magnetiza¬ 
tion  drop  is  considered  to  be  mainly  related  to  the  stray  field 
due  to  the  pinned  flux  lines  in  the  superconducting  Nb  film 
rather  than  the  two  dimensionality  of  the  superconductor.  In 
the  case  of  the  hybrid  film,  the  magnetostatic  effect  of  the 
particles  must  be  taken  into  account  because  the  ferromag¬ 
netic  particles  regulate  the  flux  density  distribution  inside  the 
superconductor. 

Here  we  limit  the  discussion  to  the  demagnetizing  pro¬ 
cess  in  the  magnetization  curve.  The  pinned  flux  lines  inside 
the  superconducting  Nb  film  produce  a  strong  stray  field  near 
the  edge  of  the  film.  By  using  the  demagnetizing  factor  N 
and  the  remanent  magnetization  Mr ,  the  stray  field  is  gener¬ 
ally  expressed  as  —NM,.  which  directs  opposite  to  the  direc¬ 
tion  of  Mr .  The  magnetic  flux  density  B  along  the  external 
field  Ha  inside  the  superconductor  is  given  by 
B  =  fi0Ha  +  (l  -N)Mr .  When  the  external  field  is  higher 
than  the  demagnetizing  field  given  by  (1  — N)Mr ,  the  whole 
pinned  flux  lines  are  in  equilibrium  with  the  external  field. 
Thus,  the  flux  density  distribution  may  have  the  distribution 
obtained  from  the  Bean’s  critical  state  model,  as  shown  in 
Fig.  2(a).  On  the  contrary,  when  the  field  is  lower  than 
(1  -N)Mr,  the  number  of  pinned  flux  lines  is  larger  than 
that  of  the  flux  lines  due  to  the  external  field,  resulting  in  the 
closed-flux  loops  near  the  edge.  Near  the  edge,  these  closed- 
flux  lines  are  opposite  to  the  flux  lines  penetrated  near  the 
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center  of  the  film.  Therefore,  the  flux  density  near  the  edge  is 
reduced  from  the  one  expected  from  the  Bean’s  model  [see 
Fig.  2(b)].  The  reduction  causes  the  steep  drop  in  magneti¬ 
zation  at  the  peak  field  of  order  (1  -  N)Mr .  In  reality,  simi¬ 
lar  behaviors  of  the  flux  inversion  have  been  observed  in 
high-7^  Bi2Sr2CaCu208_£  single  crystal  by  means  of 
magneto-optical  method  6,7  As  the  critical  current  density  Jc 
decreases  with  an  increase  of  temperature,  the  remanent 
magnetization  Mr  also  decreases,  and  thus  the  peak  field  is 
reduced.  At  6  K,  the  stray  field  near  the  edge  of  the  super¬ 
conducting  film  may  be  too  small  to  lead  the  flux  penetration 
in  a  negative  sense. 

The  magnitude  of  the  stray  field  near  the  edge  is  nearly 
equal  to  NMr .  The  demagnetizing  factor  N  can  be  evaluated 
from  the  initial  susceptibility  as  N~l  +  llx  if  the  Nb  film  is 
perfectly  diamagnetic  below  /x0Hcl  (—0.3  mT).  The  rema¬ 
nent  magnetization  Mr  can  be  deduced  by  fitting  the  hyster¬ 
esis  loops  using  the  conventional  critical- state  model.  Figure 
3  shows  the  relationship  between  the  peak  field  Hp  and  the 
demagnetizing  field  NMr.  Note  that  the  flux  rearrangement 
due  to  the  stray  field  occurs  only  when  NM r >20.5  T. 

Figure  4  shows  the  magnetic  hysteresis  loop  of  the  hy¬ 
brid  system  consisting  of  Sm33Co67  particles  and  the  Nb  film 
(2  mmX2  mmX2  nm):  The  system  does  not  exhibit  any 
magnetization  drop,  and  the  remanent  magnetization  is  re¬ 
markably  reduced.  The  difference  between  magnetic  behav¬ 
iors  of  the  Nb  films  with  and  without  the  ferromagnetic  par¬ 
ticles  is  interpreted  as  follows.  The  superconducting  order 
parameter  in  the  Nb  film  with  ferromagnetic  particles  is  pe¬ 
riodically  modulated  by  the  stray  field  due  to  the  particles. 
This  reduces  the  remanent  magnetization  compared  to  the 
bare  Nb  film.  In  order  to  estimate  the  stray  field,  the  demag¬ 
netizing  factor  N  was  calculated  to  be  0.972  by  approximat¬ 
ing  the  shape  of  the  2  mm  square  Nb  film  by  a  2  mm 4>  circle. 
This  yields  the  stray  field  NM r=  10.2  T,  which  is  smaller 


than  the  critical  value  (AMr= 20.5  T).  Another  feature  ob¬ 
served  in  the  hybrid  system  is  the  flux  guide  effect  due  to  the 
amorphous  Sm33Co67  particles  with  high  susceptibility.  The 
particles  accumulate  the  external  flux  lines  and  guide  them 
into  the  normal  state  cores.4  The  presence  of  the  flux  guide 
effect  can  be  proved  by  the  periodical  flux  jumps  as  shown  in 
Fig.  4.  The  periodicity  AS  =0.267  mT  gives  the  area  where 
the  flux  is  quantized  as  5=7.79  X 10“ 12  m2  from  the  relation 
A£=<£0/5.  The  value  coincides  well  with  half  of  the  unit 
cell  area  containing  a  normal  core;  (l/2)Sunit=8.0X  10~12  m2. 
These  ferromagnetic  particles  act  as  the  artificial  flux  pinning 
centers  which  are  homogeneously  distributed  in  the  hybrid 
film.  Therefore,  the  average  flux  density  gradient  in  the  Nb 
film  takes  a  constant  value  as  expected  from  the  Bean  model. 
This  reduces  the  apparent  demagnetizing  factor  and  the  stray 
field  near  the  edge  of  the  Nb  film.  As  a  result,  the  flux 
rearrangement  does  not  take  place  in  the  hybrid  film. 
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Electromagnetic  field  diffusion  in  superconductors  with  gradual  resistive  transitions  may  exhibit  a 
peculiar  (anomalous)  mode  which  does  not  exist  in  superconductors  with  sharp  (ideal)  resistive 
transitions.  This  is  a  “standing”  mode.  In  the  case  of  this  mode,  the  electromagnetic  field  on  a 
superconductor  boundary  increases  with  time,  while  the  region  occupied  by  the  electromagnetic 
field  within  the  superconductor  does  not  expand.  In  this  paper,  an  exact  analytical  solution  to  the 
appropriate  nonlinear  diffusion  equation  is  derived.  It  is  demonstrated  that  this  solution  can  be 
physically  interpreted  as  the  standing  mode.  The  standing  mode  solution  is  also  obtained  by  using 
a  “rectangular  profile”  approximation  and  these  two  results  are  compared.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)03508-l] 


Models  for  superconducting  hysteresis  are  based  on  the 
analytical  study  of  electromagnetic  field  diffusion  in  hard 
superconductors.  In  the  critical  state  model,1-3  this  study  is 
usually  performed  under  the  assumption  of  ideal  (sharp)  re¬ 
sistive  transition.  This  assumption  appreciably  facilitates  the 
calculation  of  distribution  of  electric  currents  in  supercon¬ 
ductors  of  simple  shapes  (plane  slabs,  circular  cross-section 
cylinders)  and  leads  to  the  rate  independent  models  for  su¬ 
perconducting  hysteresis. 

Actual  resistive  transitions  in  superconductors  are 
gradual,  and  they  are  customarily  described  by  the  power 
law:4"6 

E={^  ,  («>  1).  (1) 


In  the  above  expression,  E  is  electric  field,  J  is  current  den¬ 
sity,  and  A:  is  a  parameter  which  coordinates  the  dimensions 
in  (1).  The  exponent  “w”  is  a  measure  of  the  sharpness  of  the 
resistive  transition  and  it  varies  in  the  range  7-1000. 

The  above  power  law  can  be  used  as  a  constitutive  equa¬ 
tion  for  hard  superconductors.  This  leads  to  the  following 
nonlinear  diffusion  equation  for  the  current  density  in  the 
case  of  ID  problems: 


d2Jn 

~d? 


dJ 


(2) 


Previously,  the  analytical  self-similar  solutions  of  Eq.  (2) 
were  derived  for  zero  initial  condition  and  the  following 
boundary  condition: 

j0(t)=j(0,t)  =  ctr,  0,  p&Q).  (3) 

It  has  been  found  that  the  electromagnetic  field  diffusion  in 
superconductors  with  gradual  resistive  transitions  has  some 
features  which  are  very  similar  to  the  electromagnetic  field 
diffusion  in  superconductors  with  ideal  resistive  transitions. 
Namely,  it  has  been  found  that  for  n**1  the  actual  profile  of 
electric  current  density  is  almost  rectangular.  This  has 
prompted  the  suggestion  to  approximate  the  actual  current 
density  profile  by  a  rectangular  one  with  the  height  equal  to 
the  instantaneous  value  70(0»  of  the  current  density  on  the 
boundary  of  the  superconductor  (see  Fig.  1).  This  “rectangu¬ 


lar  profile”  approximation  has  led  to  the  following  equation 
for  the  zero  front  z0(O>  of  the  current  density: 

f/o(r)dr=  [Jo(t)z20(t)-Jo(0)zlm,  (4) 

which  is  valid  for  any  monotonically  increasing  boundary 
condition  J0(t). 

In  this  paper,  we  intend  to  show  that  electromagnetic 
field  diffusion  in  superconductors  with  gradual  resistive  tran¬ 
sitions  may  exhibit  a  peculiar  (anomalous)  mode  which  does 
not  exist  in  superconductors  with  ideal  resistive  transitions. 
This  is  a  standing  mode.  In  the  case  of  this  mode,  the  elec¬ 
tromagnetic  field  on  a  superconductor  boundary  increases 
with  time,  while  the  region  occupied  by  the  electromagnetic 
field  does  not  expand.  We  shall  first  find  the  condition  for  the 
existence  of  this  mode  by  using  the  “rectangular  profile” 
approximation  and  formula  (4).  Then,  we  shall  derive  the 
exact  expressions  for  the  standing  mode  through  the  analyti¬ 
cal  solution  of  nonlinear  diffusion  Eq.  (2),  that  is  without 
resorting  to  the  rectangular  profile  approximation.  Finally, 
we  shall  compare  these  two  results. 

To  start  the  discussion,  we  turn  to  Eq.  (4)  and  try  to  find 
such  a  monotonically  increasing  boundary  condition  J0(t) 
for  which  the  zero  front  z0(/),  stands  still.  To  this  end,  we 
assume  that  z0(0  =  Zo=consb  anc*,  by  differentiating  both 
sides  of  (4),  we  arrive  at: 


FIG.  1.  Rectangular  approximation  of  current  density  profiles  inside  the 
superconducting  half-space. 
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FIG.  2.  Rectangular  approximation  of  the  standing  mode. 


m= 


fi0kn  2  dJ0(t) 
zo  ' 


2  ^  dt  ' 

The  last  expression  can  be  transformed  as  follows: 


V0knzl 


dt— 


dJ0(t) 
Jno(t)  ‘ 


By  integrating  both  parts  of  (6),  we  obtain: 

From  (7),  we  derive: 


Jo(t)  = 


1 


Tl-n 


2  (n-  1) 

(0)-77JJ( 


1/n-l 


'0  ,,  nn-Z 

/X0K  Z0  / 

The  last  expression  can  be  represented  in  the  form: 


(5) 

(6) 

(7) 

(8) 


c 

Jo(t)=(T0 -r)1'"-1’ 


(9) 


where: 


(  AH>*"zo\W,“1  /*o*"z§/J-"(0) 

\2(n—  l)j  ’  to  2(n-l) 


(10) 


Thus,  we  have  established  that,  if  the  current  density  on 
the  boundary  of  superconducting  half-space  varies  with  time 
according  to  the  expressions  (9)-(10),  then  the  zero  front 
zQ(t ),  of  the  current  density  stands  still  during  the  time  in¬ 
terval  0^t<t0.  In  other  words,  during  this  time  interval  the 
electromagnetic  field  diffusion  exhibits  a  standing  mode. 
This  mode  is  illustrated  by  Fig.  2. 

It  is  desirable  to  express  the  boundary  condition  for  the 
standing  mode  in  terms  of  magnetic  field  H0(t)  on  the  su¬ 
perconductor  boundary.  This  can  be  easily  accomplished  by 
using  (9)  and  Ampere’s  Law,  which  leads  to: 


Ho(t)~  (11) 

Our  previous  derivation  has  been  based  on  the  “rectan¬ 
gular  profile”  approximation  for  the  electric  current  density. 
Next,  we  shall  derive  the  expressions  for  the  standing  mode 
solution  without  resorting  to  the  above  approximation,  but 
rather  through  an  analytical  solution  of  the  nonlinear  diffu¬ 


sion  Eq.  (2).  It  is  remarkable  that  the  standing  mode  solution 
can  be  obtained  by  using  the  method  of  separation  of  vari¬ 
ables.  Actually,  this  is  the  only  solution  which  can  be  ob¬ 
tained  by  this  method.  According  to  the  method  of  separation 
of  variables,  we  look  for  the  solution  of  Eq.  (2)  in  the  form: 

J(z,t)  =  <p(z)t//(t).  (12) 

By  substituting  (12)  into  (2),  after  simple  transformations  we 
derive: 


1  d2<pn(z)  _  Hokn  di//(t) 
(p{z)  dz2  <A"(f)  dt 

This  means  that 

H0kn  dt//(t) 

0"(f)  dt  ~K’ 

1  <?V(z)_ 

<p(z)  dz2 


(13) 


(14) 

(15) 


where  A.  is  some  constant. 

By  integrating  (14),  we  easily  obtain: 


/*o*"  \Vn~l 

(n—  l)\(t0  —  t)J 


(16) 


where  t0  is  a  constant  of  integration. 

Equation  (15)  is  more  complicated  than  Eq.  (14)  and  its 
integration  is  somewhat  more  involved.  To  integrate  Eq. 
(15),  we  introduce  the  following  auxiliary  functions: 


<Pn(z)=0(z), 


R(z)  = 


d0{z) 

dz 


(17) 


From  (17)  and  (15),  we  derive: 


dR  _d26 

dz  dz2 


d2<pn 

dz2 


=  k<p(z)  =  \9',n(z). 


On  the  other  hand 

dR  dR  d6  dR  1  d(R2) 
~dl~  le' J~z~R  7e~i  7e  • 


(18) 


(19) 


By  equating  the  right-hand  sides  of  (18)  and  (19),  we  obtain 


d(R2) 

dd 


2\eVn. 


(20) 


By  integrating  Eq.  (20),  we  find: 

R{z)=  yj^fk[0(z)r+U2n 


(21) 


In  (21),  a  constant  of  integration  was  set  to  zero.  This  can  be 
justified  on  physical  grounds.  Indeed,  the  magnetic  field 
should  vanish  at  the  zero  front,  that  is  at  the  same  point 
where  J(z,t)  vanishes.  By  using  (12)  and  (17),  it  can  be 
shown  that  the  magnetic  field  and  J(z,t)  are  proportional  to 
R(z)  and  0Vn(z ),  respectively.  This  means  that  the  above 
two  functions  should  vanish  simultaneously.  This  is  only 
possible  if  the  integration  constant  in  (21)  is  set  to  zero. 

Next,  by  using  (17)  in  (21),  we  find: 
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ddjz) 

dz 


\[0{z)Y+mn 


(22) 


By  integrating  (22),  we  derive: 

(rc-D2 


[*(*)] 


n-lln. 


2  (n  +  1  )n 


Hz0~zr, 


where  z0  is  a  constant  of  integration. 
From  (17)  and  (23),  we  obtain: 


<p(z)  = 


(n-l)2\  , 


(23) 


(24) 


Now,  by  substituting  (16)  and  (24)  into  (12),  we  find  the 
following  analytical  (and  exact )  solution  of  nonlinear  diffu¬ 
sion  Eq.  (2): 


J(zj) 


(n-l)fi0kn(z0-z)2 


l/n-l 


2  (n+  l)n(tQ  —  t) 


(25) 


It  is  remarkable  that,  as  a  result  of  substitution,  the  constant 
X  cancels  out,  and  the  solution  (25)  does  not  depend  on  X  at 
all. 

The  obtained  solution  (25)  can  be  physically  interpreted 
as  follows.  Suppose  that  at  time  t=0  the  electric  current 
density  satisfies  the  following  initial  condition: 


( n~l)/x0kn(z0~zY 


Az,  0)=' 


2(n  + 1  )nto 
0,  if  0^z^z0 


l/n-l 


if  O^z^Zq 


(26) 


Suppose  also  that  the  current  density  satisfies  the  following 
boundary  condition  during  the  time  interval  0=^r<?0: 


(n-l)n0knzl 


l/n-l 


2  («+ 1  )n(t0~t) 


(27) 


Then,  according  to  (25),  the  exact  solution  to  the  initial¬ 
boundary  value  problem  (26) -(27)  for  the  nonlinear  diffu¬ 
sion  Eq.  (2)  can  be  written  as  follows: 


(n-l)fi0kn(z0-z): 


2{n+  l)n(tQ-t) 

l  0,  if  z>Z0 • 


l/n-l 


if  0=Sz=Sz0 


(28) 


This  solution  is  illustrated  by  Fig.  3  and  it  is  apparent  that  it 
has  the  physical  meaning  of  the  standing  mode.  It  is  also 
clear  from  formula  (28)  (and  Fig.  3)  that  the  above  solution 
has  the  following  self-similarity  property:  the  profiles  of 
electric  current  density  for  different  instants  of  time  can  be 
obtained  from  one  another  by  dilation  (or  contraction)  along 
the  /-axis.  In  other  words,  these  profiles  remain  similar  to 
one  another.  This  suggests  that  solution  (28)  can  be  derived 
by  using  dimensional  analysis.  However,  we  shall  not  delve 
further  into  this  matter. 

From  the  practical  point  of  view,  it  is  desirable  to  ex¬ 
press  the  boundary  condition  (27)  for  the  standing  mode  in 
terms  of  magnetic  field  H0(t)  on  the  superconductor  bound¬ 
ary.  According  to  Ampere’s  Law,  we  have: 


FIG.  3.  Current  density  profiles  corresponding  to  the  exact  analytical  solu¬ 
tion  of  the  diffusion  equation. 


H0(t)  = 


(29) 


By  substituting  (28)  into  (29)  and  performing  the  integration, 
we  obtain: 


H0(t)  = 


n—  1 
n+l 


zo 


(n-l)fi0lYzl 
2(n+  l)n(tQ-t) 


1  hi  - 1 


(30) 


It  is  also  instructive  to  compare  the  above  exact  standing 
mode  solution  with  the  standing  mode  expressions  derived 
on  the  basis  of  the  rectangular  profile  approximation.  First,  it 
is  clear  from  formula  (28)  (and  Fig.  3)  that,  for  sufficiently 
large  ‘V\  the  actual  current  density  profiles  for  the  standing 
mode  are  almost  rectangular.  Second,  it  is  apparent  that  the 
boundary  condition  (27)  can  be  written  in  the  form  (9)  with 
“c”  and  defined  as  follows: 


(n-l)fi0knzl 


l/n-l 


to  —  ' 


2(n+  1  )n 

(n-l)/4ofc"zg4-"(0) 
2(n+l)n 


(31) 


By  comparing  (31)  with  (10),  it  can  be  concluded  that  for 
sufficiently  large  ‘V’  these  expressions  are  practically  iden¬ 
tical.  Thus,  the  rectangular  profile  approximation  is  fairly 
accurate  as  far  as  the  prediction  of  the  standing  mode  diffu¬ 
sion  is  concerned. 

The  origin  of  the  standing  mode  can  be  elucidated  on 
physical  grounds  as  follows.  Under  the  boundary  condition 
(27),  the  electromagnetic  energy  entering  the  superconduct¬ 
ing  material  at  any  instant  of  time  is  just  enough  to  affect  the 
almost  uniform  increase  in  electric  current  density  in  the  re¬ 
gion  (O^z^Zo)  already  occupied  by  the  field,  but  insuffi¬ 
cient  to  affect  the  further  diffusion  of  the  field  into  the  ma¬ 
terial. 
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Low-temperature  specific  heat  of  the  degenerate  supersymmetric 
t-J  model  in  one  dimension 
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We  consider  the  one-dimensional  SU(  AO -invariant  t-J  model,  which  consists  of  electrons  with  N 
spin  components  on  a  lattice  with  nearest-neighbor  hopping  t  constrained  by  the  excluded  multiple 
occupancy  of  the  sites  and  spin-exchange  J  between  neighboring  lattice  sites.  The  model  is 
integrable  and  has  been  diagonalized  in  terms  of  nested  Bethe  ansatze  at  the  supersymmetric  point 
t=J.  The  low-T  specific  heat  is  proportional  to  T.  The  y-coefficient  is  extracted  from  the 
thermodynamic  Bethe-ansatz  equations  and  is  expressed  in  terms  of  the  spin  wave  velocities  and  the 
group  velocity  of  the  charges  for  arbitrary  N ,  band  filling,  and  splitting  of  the  levels  (magnetic  and 
crystalline  fields).  Our  results  contain  the  following  special  cases:  (i)  For  N=2  the  traditional 
spin-1/2  supersymmetric  t-J  model,  (ii)  for  exactly  one  electron  per  site  the  SU(A0  -Heisenberg 
chain,  and  (iii)  for  N=4  the  two-band  supersymmetric  t-J  model  with  crystalline  field  splitting. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)03608-8] 


One-dimensional  (ID)  conductors  are  an  active  topic  of 
research  with  experimental  realizations  in  organic  (quasi- ID) 
conductors,  polymers,  Peierls  insulators,  and  mesoscopic 
systems.  The  discovery  of  high-temperature  superconductiv¬ 
ity  renewed  the  interest  in  low-dimensional  superconductors 
and  antiferromagnets.  Many  normal  state  properties  of  the 
2D  high-7^  superconductors  cannot  be  reconciled  with  the 
standard  Fermi  liquid  theory  and  a  Luttinger-liquid  picture 
(marginal  Fermi  liquid)  similar  to  ID  conductors  has  been 
proposed  to  explain  some  of  the  features.1 

Two  of  the  most  studied  systems  of  correlated  electrons 
are  the  Hubbard  and  t-J  models.  The  two  models  are  equiva¬ 
lent  to  each  other  for  a  large  on-site  repulsion  U  (small  J) 
and  a  band  occupation  close  to  half-filling,  but  the  t-J  model 
is  by  itself  an  exciting  problem  for  all  parameter  values.  The 
t-J  Hamiltonian  is  given  by 

H=-t'2j  P(cici+ls  +  c}+ucis)P 

is 

FJ^^j  (c  is*"  is' C  i+ Is'*"  i+ Is  ^is^i+  Is') »  0) 

is  s' 

where  t  is  the  hopping  matrix  element  between  nearest 
neighbor  sites,  P  is  a  projector  excluding  the  multiple  occu¬ 
pancy  of  every  site,  is  the  spin  index  (N=2S+1),  J 

is  the  exchange  coupling,  and  nis  is  the  number  operator. 

The  ID  t-J  model  was  found  to  be  integrable  at  the 
supersymmetric  point  r  =  7  by  Sutherland.2  The  supersymme¬ 
try  is  related  to  a  graded  permutation  of  N  fermionic  (spin 
waves)  and  one  bosonic  (holes)  degrees  of  freedom.  For 
N= 2  the  ground  state  properties,  the  classification  of  states 
and  the  thermodynamic  equations  were  presented  in  Ref.  3. 
These  results  were  used  to  calculate  the  spectrum  of  elemen¬ 
tal  excitations4  and  the  exponents  for  the  long-distance  as¬ 
ymptotic  of  correlation  functions.5  The  Bethe  ansatz  solution 
was  then  extended  to  an  arbitrary  number  of  spin  compo¬ 
nents  N  to  obtain  the  classification  of  states,  thermo¬ 
dynamics,6  ground  state  properties,7’8  the  excitation  spec¬ 
trum,8  and  the  asymptotic  behavior  of  correlation  functions.9 


Model  (1)  contains  several  interesting  limiting  cases:  (i) 
for  N =2  the  traditional  (supersymmetric)  t-J  model,2,3  (ii) 
for  exactly  one  electron  per  site  the  SU( N)  -invariant  Heisen¬ 
berg  chain,2  and  (iii)  for  N =4  the  two-band  supersymmetric 
t-J  model  with  crystalline  field  splitting.10 

In  this  paper,  we  calculate  the  low-temperature  specific 
heat  for  the  supersymmetric  t-J  model  for  arbitrary  band 
filling,  number  of  components,  and  splitting  between  the 
bands  (magnetic  and  crystalline  fields).  We  first  restate  some 
equations  of  the  Bethe  ansatz  solution,6,8  then  we  expand  the 
free  energy  and  the  band  energies  in  powers  of  T ,  and  finally 
we  express  the  y-coefficient  of  the  specific  heat  in  terms  of 
the  Fermi  velocities  of  the  charges  and  spin  waves. 

The  model  is  solved  in  terms  of  N  nested  Bethe  ansatz. 
Each  Bethe  ansatz  eliminates  one  internal  degree  of  freedom 
and  gives  rise  to  one  set  of  rapidities,  j^},  /=0,...,Af—  1, 
with  the  set  /=0  corresponding  to  the  charge 
rapidities.  All  rapidities  within  a  given  set  have  to  be  differ¬ 
ent,  leading  to  Fermi  statistics  for  the  rapidities.  The  rapidi¬ 
ties  are  self-consistent  solutions  of  the  Bethe  ansatz  equa¬ 
tions  and  have  in  general,  complex  values.  They  are 
classified6  into  (i)  real  charge  rapidities,  (ii)  complex  spin 
and  charge  rapidities,  and  (iii)  strings  of  complex  spin  rapidi¬ 
ties.  States  of  class  (iii)  represent  excited  spin  states  which 
are  not  populated  in  the  ground  state  and  do  not  contribute  to 
the  low-T  specific  heat.  Classes  (i)  and  (ii)  are  present  in  the 
ground  state  and  have  Fermi  surfaces  that  contribute  to  the 
y-coefficient  of  the  specific  heat.  They  correspond  to  com¬ 
plexes  of  n  electrons  (n^N),  sometimes  called  bound  states, 
defined  by  strings  of  the  form 

£<*>=£<«)  + ip/ 2,  l^n~l^2S, 

p~-  (n  —  /-l),  —  (n  — /  — 3),. ..,(«  —  /— 1), 

where  £n)  is  a  real  rapidity  characterizing  the  center  of  mass 
of  the  cluster. 
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In  the  ground  state,  the  real  rapidities  are  densely  distrib¬ 
uted  in  the  interval  |£|  while  the  complementary  interval 
| Z^Bi  corresponds  to  empty  states  (holes).  A  central  role  is 
played  by  linear  integral  equations  of  the  type6-8 


z,(  0  =  ( ir2l6)de-N 1  [F,(  {- Q)  +  F,(  £- +  Q )] 

N~  1 

+  (tt2/6)  2  d€-\KLqU-Bq)  +  K^U+Bq)l 

4=1 


25  r 

*,(£)+ 2  I  <*£'*,(  w.,(£-n 

9=1 


r*  ( 

j  - 


Zjv(n+ 


%  \\e 


If'l  >Bq 


dt'XJOFJt-O 


-  (°  d£'XN(nD2S(£-n=ZN(£), 
J-Q 


(2) 


where  (2)  holds  for  /=1,...,25,  Q  =  BN,  and  Z;(£)  are  the 
driving  terms.  Here,  F;(£),  £>;(£),  and  KLr(l)  are  the  Fourier 
transforms  of 


ZN{£)  =  {Tr2l6)de-N\DlsU-Q)  +  D2S{£+Q)} 

2  5 

+  (tt2/6)2  de-l[FqU-Bq)  +  Fq{£+Bq)l  (6) 

4=1 

where  de~ql  =  \de^)!d£\^  and  d€^1  =  \de^/d^Ql. 

Similarly,  the  Sommerfeld  expansion  of  the  free  energy 
yields  the  y-coefficient 


y/Na  =  (2ir2/3) 


25 


d€~NlDx{Q)+^  de:lFN-JBq) 


4-1 


+  2  [Q  d£Dx{£)e^U) 
J-Q 


Fi(  oj)  =  sinh(  l  co/2)/  sinh(  Nco/2) , 

D7(<y)  =  exp(-  \(o\/2)Fi(o))9 

Kt  r((o)=  ~  <5/>;.  +  exp(|w|/2)sinh[min(/,r)a)/2]  (3) 

X  sinh{  [N  -  max(  / ,  r )  ]  a>/2}/ 
sinh(  co/2)  sinh(  A/W2) . 


We  introduce  a  ground  state  density  of  states,  p/(£),  for 
each  set  of  real  rapidities  £l\  which  for  particles  (holes)  is 
nonzero  only  in  the  interval  \£\^Bi(\£\^Bi).  These  densi¬ 
ties  satisfy  integral  equations  of  the  type  (2)  ( Xt=pi )  with 
driving  terms  Zl(£)  =  FN-l(£)  and  ZN{£)-DX{£).  The  inte¬ 
gration  limits  Bi  and  Q  are  determined  by  the  number  of 
electrons  with  each  component,  nmNa=[M^m~l)-M^m)], 
where  Na  is  the  number  of  sites,  m=  1,...,N,  M^)=Ne  is  the 
total  number  of  electrons,  Mm= 0,  and 


d£pq(£). 


(4) 


The  thermal  population  of  the  states  is  determined  by 
energy  bands  ej(£),  which  for  low  T  can  be  expanded  in 
powers  of  T  by  means  of  a  Sommerfeld  expansion, 
e/=ej0)+!T26{2)+... .  The  energy  potentials  40)  satisfy 
equations  of  the  type  (2)  with6 


Z1U)  =  2ttFn„1U)-1(N-1)A1/N 
ZnU)=-2-h+2ttDx{0> 


(5) 


where  (i  is  the  chemical  potential  and  the  parameters  A/  are 
the  magnetic  and  crystalline  fields  determining  the  splitting 
of  the  multiples  The  40)(£)  are  even  functions,  which  mono- 
tonically  decrease  with  \£\.  The  conditions  e/(±5/)=0  relate 
the  set  of  integration  limits  {£,}  and  Q  to  the  set  of  external 
fields  {A/}  and  jjl.  The  e[2)  satisfy  Eqs.  (2)  with 


—  2 


d£FN-q(£)e{q2\£). 


(7) 


From  the  structure  of  (5)-(7)  all  contributions  to  y  are  pro¬ 
portional  to  de~ 1  for  some  q .  We  first  compute  the  contribu¬ 
tions  arising  from  the  internal  degrees  of  freedom  ( q<N ) 
and  later  those  of  the  charges  ( q  =  N ).  Defining 


25 

ej2)(£)  =  (7r2/6)2  *e7ldr)(0, 

r=  1 


(8) 


where  (p\r){£)  satisfies  (2)  with 


Z\r\£)  =  [Kltr{£- Br)  +  KLr{ £+  Br)],  KN, 
ztf(£)  =  [FrU-Br)  +  Fr(£+Br)l 


(9) 


the  coefficient  of  the  term  in  (7)  proportional  to  deq  1  is 


7r2/3)f  2FN-q(Bq)+  dCDAOvtikO 


25 

-2  f  d£FN_rUWrq)U) 

r=  1 


,  q<N. 


(10) 


To  show  that  the  curly  bracket  in  (10)  reduces  to  2 pq{Bq)  we 
consider  the  expression 


2  f  d£ps(£)LKq,s(C-Bq)  +  Kq<M+Bq)] 

S=  1 

-  \Q  dCpN{£)[Fq{£-Bq)+FqU+Bq)l  (11) 

J  Q 


which  by  making  use  of  (9)  can  be  rewritten  as 
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2  f  dtpAt)\rtXZ)  +  2l  [  dt’<p{rq) 
m')KsAt- n-  \a_QdV  ^\c')fsu')]^ 

-^Q QdCPN{o\<P(S\0-\[QdC'^\C')D2s{i-l') 


with  the  Fermi  surface  at  e/(±fl,)  =  0.  The  respective  Fermi 
velocities  are  given  by  the  slope  of  the  dispersion  at  the 
Fermi  points8 

4)=\de,(t)Jd£ \Bl  Hit Pl(B,).  (18) 

Therefore,  the  y- coefficient  can  be  written  as 
N 

y/ATa=(ir/3)2  (49)-1-  (19) 


25  1 

+2  f  dc^\nFr(c-n\- 
r- 1  J|f'|>«r  J 


Using  (2)  in  the  second  and  fifth  terms  this  expression  sim¬ 
plifies  to 

25 

2  f  dlFN.rU)<P(rq)U)~  \Q  dtD.iOvWil).  (12) 

r=  1  JU\>Br  J-Q 


On  the  other  hand,  using  (2),  expression  (11)  can  be  rewrit¬ 
ten  as  2FN^q(Bq)-2pq(Bq).  Equating  this  to  (12)  we  notice 
that  (10)  reduces  to  ( 2i?l3)pq{Bq ). 

We  now  consider  the  charge  fluctuations,  i.e.,  the  terms 
in  (7)  that  are  proportional  to  de^1 .  Following  the  same  pro¬ 
cedure  above  we  define  €(i2\£)  =  ('Tr2/6)d€x  V,(£)>  where 
0/(£)  satisfies  (2)  with 

ZlU)  =  [FiU~Q)  +  FlU+Q)l  KN , 

znU)=[d2Su-q)+d2Su+q)],  (13) 

and  the  coefficient  of  the  term  in  (7)  proportional  to  de ^ 1  is 

{25 

2Di(C)-2  f 

r=l  J|f|>Br 


+ 


d£D  iiOMO 


(14) 


To  show  that  the  curly  bracket  in  (14)  reduces  to  2pN(Q)  we 
consider  the  expression 


f2  d£pN(£)[D2S(£-Q)+D2sU+Q)] 
J-Q 


d£PgU)[FqU-Q)+FqU+Q)l 


(15) 


which  using  (2)  is  reduced  to  2pN(Q)-2Dl(Q).  On  the 
other  hand,  expression  (15)  is  first  rewritten  with  the  aid  of 
(13)  and  (14),  and  then  (2)  is  used  to  obtain 

25 

f6  dCDdOMO-'Z  f  ,  <16) 

J-Q  q=  1  J\C\>Bq 

Therefore,  we  have  that  (14)  reduces  to  ( 2tt2'I3)pn(Q ). 

Elemental  excitations  from  the  ground  state  are  obtained 
by  adding  (particle  excitation)  or  removing  (hole  excitation) 
a  rapidity  from  one  of  the  sets.  There  are  N  branches  of 
elemental  excitations  with  energy  and  momentum  given  by8 


A£/(£o)~I67(£o)L 

PiUo)^\Codapi(o^PihU)i 

J  -00 


(17) 


In  summary,  the  Fermi  statistics  of  the  low-energy  exci¬ 
tations  gives  rise  to  a  low-J  specific  heat  proportional  to  T. 
In  general,  there  are  (. N—l )  spin  wave  branches  and  one 
branch  of  charge  excitations  contributing  to  y.  In  the  absence 
of  external  fields  all  spin  wave  branches  have  the  same  group 
velocity, 

1  2TT+S-Qd£  exp(2? T£/N)eN(£) 

Vsw~N  l  +  S°Qd£exp(2Tr£/N)pN(0  ’ 

and  (19)  reduces  to  y/Na-(7rl3)[l/vch  +  (N~-  l)/vsw].  Plots 
of  vch  and  vsw  for  several  as  a  function  of  band  filling  can 
be  found  in  Ref.  8. 

For  one  electron  per  site  (Q  =0)  model  (1)  reduces  to  the 
SU(N)  Heisenberg  chain.  The  band  of  N- strings  is  filled  in 
this  limit,  so  that  the  charge  excitations  are  suppressed  (they 
have  a  gap)  and  do  not  contribute  to  y.  Therefore,  y  consists 
only  of  the  2S  terms  of  the  spin  wave  branches.  In  the  ab¬ 
sence  of  external  fields  vsw=2i tIN  for  all  branches  and 
ylNa  =  N(N-  l)/6,  which  agrees  with  previous  results  for 
the  S  =  1/2  (Ref.  11)  and  5  =  1  (Ref.  12)  Heisenberg  chains 
[note  that  the  Heisenberg  exchange  in  model  (1)  equals  1/2]. 
The  limits  of  T-^0  and  H-> 0  can  be  interchanged,  contrary 
to  what  we  claimed  previously.13,14 

Our  results  are  also  valid  for  the  supersymmetric  two- 
band  t-J  model,  which  can  be  mapped  onto  model  (1)  for 
N=4.  The  four  degrees  of  freedom  correspond  to  charges, 
the  splitting  between  the  bands  and  the  Zeeman  splitting  of 
each  of  the  bands.  Expressions  for  the  four  Fermi  velocities 
(and  plots  as  a  function  of  band  splitting  for  one  electron  per 
site  and  zero  magnetic  field)  can  be  found  in  Ref.  10. 
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Magnetic  and  thermodynamic  properties  of  Sr2LaFe309 
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Measurements  of  the  magnetization,  specific  heat,  and  57Fe  Mossbauer  spectrum  are  presented  for 
Sr2LaFe309.  The  temperature  dependence  of  the  specific  heat  and  magnetization  indicates  that 
Sr2LaFe309  undergoes  an  antiferromagnetic  transition  at  TN= 203  K.  The  small  entropy  removal  A  S 
and  small  effective  paramagnetic  moment  /xeff  suggest  an  itinerant  character  for  the  Fe  moment  in 
this  compound.  In  low  applied  fields,  the  zero  field  cooled  (ZFC)  and  field  cooled  (FC) 
magnetization  below  TN  exhibit  a  hysteretic  behavior  indicating  the  existence  of  some 
ferromagnetic  correlation.  This  behavior  is  suppressed  by  high  applied  fields.  The  57Fe  Mossbauer 
spectrum  measured  at  4.2  K  for  Sr2LaFe309  indicates  two  superimposed  hyperfine  fields  of  260  and 
450  kOe  with  area  ratios  of  1/3  and  2/3,  respectively,  consistent  with  previous  measurements. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)03708-4] 


I.  INTRODUCTION 

Since  the  discovery  of  high-7c  cuprate  supercon¬ 
ductors,1,2  investigations  of  superconductivity  and  magne¬ 
tism  of  ^/-electron  based  oxides  with  the  perovskite  structure 
have  received  renewed  interest.  Fe  based  oxides  are  not  su¬ 
perconducting,  but  have  interesting  magnetic  properties. 
CaFe03  and  SrFe03  have  antiferromagnetic  transitions  at 
7y=115  and  134  K,  respectively.3"6  TN  for  both  systems 
decreases  when  one  reduces  the  oxygen  content.  The  57Fe 
Mossbauer  measurements5,6  below  TN  show  that  SrFe03  has 
a  single  magnetic  hyperfine  field.  However,  CaFe03  shows 
two  kinds  of  hyperfine  fields  with  nearly  equal  intensities.5,6 
Takano  et  a/.5’6  were  the  first  to  propose  a  model  of  charge 
disproportionation,  2Fe4+— *Fe3++Fe5+,  to  explain  the  two 
distinct  hyperfine  fields  for  the  CaFe03  system.  They  have 
also  studied  the  Ca!  _JCSr;cFe03  and  Sr1_A:La;cFe03  systems5,6 
and  found  behavior  similar  to  that  observed  for  CaFe03. 
Later,  Battle  et  al?~9  extensively  investigated  the 
Sr1_JCMJCFe03+y  system  with  M=rare  earths  and  O^y^l  by 
Mossbauer  spectroscopy  and  neutron  diffraction  measure¬ 
ments,  and  observed  similar  phenomena. 

The  temperature  and  magnetic  field  dependence  of  ther¬ 
modynamic  and  magnetic  properties  for  the  Sr1_;cM:rFe03 
system  has  not  been  investigated.  We  have  measured  the  spe¬ 
cific  heat,  magnetic  susceptibility,  and  the  Mossbauer  spec¬ 
trum  at  4.2  K  for  Sr2LaFe309. 

II.  EXPERIMENT 

Polycrystalline  Sr2LaFe309  samples  were  prepared  using 
the  solid  state  reaction  technique.  The  appropriate  amounts 
of  high  purity  SrC03 ,  La203 ,  and  Fe203  were  thoroughly 
mixed  and  then  pressed  into  pellets  1/2  in.  in  diameter.  The 
pellets  were  reacted  in  air  at  1300-1400  °C  for  three  days 
and  were  then  very  slowly  cooled  to  room  temperature.  They 
were  again  ground  to  a  fine  powder  and  the  entire  procedure 


was  repeated.  After  the  materials  were  sintered  in  air  twice, 
they  were  annealed  in  flowing  oxygen,  at  a  pressure  slightly 
higher  than  atmospheric  pressure,  at  1000  °C  for  one  day. 
X-ray  diffraction  and  high  power,  high  resolution  electron 
microscopy  measurements  at  room  temperature  were  used  to 
check  sample  homogeneity  and  lattice  parameters.  The  re¬ 
sults  indicated  that  no  detectable  amount  of  second  phase 
was  present,  and  that  the  sample  crystallizes  with  the  cubic 
perovskite  structure  with  a  lattice  constant  of  a  =  3.875  A. 
This  value  is  consistent  with  that  previously  reported7,8  and 
suggests  that  the  oxygen  content  is  close  to  9  in  this  com¬ 
pound.  The  magnetization  was  measured  from  1.8  to  400  K 
in  applied  magnetic  fields  up  to  5.5  T  using  a  commercial 
SQUID  magnetometer.  The  57Fe  Mossbauer  spectra  were 
measured  at  4.2  K  using  a  liquid  helium  cryostat.  The  spe¬ 
cific  heat  was  measured  from  15  to  300  K  using  the  semia- 
diabatic  heat  pulse  method. 


III.  RESULTS  AND  DISCUSSION 

We  have  measured  the  temperature  dependence  of  the 
specific  heat  for  Sr2LaFe309.  The  specific  heat  for  this  ma¬ 
terial  has  not  been  reported  previously.  We  show  the  C(T) 
data  from  180  to  220  K  in  Fig.  1.  It  can  be  seen  that  in  the 
vicinity  of  the  anomaly  the  specific  heat  increases  signifi¬ 
cantly  from  125  J/mole  K  at  180  K  to  480  J/mole  K  at  203  K 
and  exhibits  a  \  type  second  order  magnetic  phase  transition. 
This  is  in  contrast  to  the  first  order  transition  proposed  pre¬ 
viously  from  Mossbauer  measurements.7  To  obtain  the  mag¬ 
netic  contribution  A  C(T)  to  the  specific  heat,  we  first  fit  a 
smooth  curve  to  the  data  from  15  to  150  K  and  from  205  to 
250  K,  and  then  subtract  this  smooth  curve  from  the  total 
specific  heat  C(T).  The  entropy  removal  A S  associated  with 
the  magnetic  transition  can  be  calculated  by  integrating 
A C(T)/T.  We  obtain  a  value  of  AS  =2.3  J/mole  Fe  K  for  this 
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FIG.  1.  The  temperature  dependence  of  the  specific  heat  of  Sr2LaFe309. 

system.  This  value  is  much  smaller  than  the  value  of  R  ln(2s 
+  1)  =  14.9  J/moleK  which  one  would  expect  for  localized 
spin  5=5/2  Fe  atoms. 

The  57Fe  Mossbauer  spectrum  measured  at  4.2  K  for 
Sr2LaFe309  is  shown  in  Fig.  2.  It  is  similar  to  that  previously 
observed  at  78  K  by  Battle  et  al 7,8  This  spectrum  can  be  fit 
by  two  distinct  magnetic  hyperfine  fields  260  and  450  kOe 
with  different  isomer  shifts.  It  is  interesting  that  the  molar 
ratio  of  La  to  Sr  in  this  compound  is  the  same  as  the  area 
ratio  for  the  two  hyperfine  fields,  i.e.,  both  ratios  are  1/2. 
Takano  et  al5,6  and  Battle  et  a/.7,8  have  explained  two  hyper¬ 
fine  fields  in  terms  of  a  charge  disproportionation,  i.e.,  two 


FIG.  2.  57Fe  Mossbauer  spectrum  measured  at  4.2  K  for  Sr2LaFe309. 


FIG.  3.  The  temperature  dependence  of  the  magnetic  susceptibility  mea¬ 
sured  at  #=100  Oe  for  Sr2LaFe309.  FC:  field  cooled  data  and  ZFC:  zero 
field  cooled  data.  Inset:  AM  vs  T.  (See  the  definition  of  AM  in  text.) 


charge  states  Fe3+  and  Fe5+  below  the  magnetic  transition. 
They  have  also  interpreted  the  room-temperature  Mossbauer 
spectrum,  which  shows  a  single  dip  with  no  quadruple  split¬ 
ting,  in  terms  of  the  average  valence  state.  However,  it  is  still 
not  clear  why  Fe  ions  in  this  material  occupying  identical 
equivalent  sites  exhibit  two  charge  states  below  Tn  resulting 
in  two  distinct  hyperfine  fields.  Further  studies  are  required 
to  clearly  understand  this  interesting  phenomena. 

Shown  in  Fig.  3  is  the  temperature  dependence  of  the 
magnetic  susceptibility  x(J)  measured  at  //=100  Oe  for 
Sr2LaFe309.  The  sample  was  initially  cooled  in  zero  field  to 
5  K,  an  applied  field  of  100  Oe  was  turned  on  and  the  zero 
field  cooled  (ZFC)  magnetic  susceptibility  was  measured  as 
the  sample  warmed  up  to  400  K.  Then  the  field  cooled  data 
(FC)  were  measured  at  100  Oe  as  the  sample  was  cooled 
from  400  to  5  K.  Both  ZFC  and  FC  data  exhibit  a  cusp 
behavior  indicating  an  antiferromagnetic  transition  at 
Tn  =203  K  for  this  material.  TN  determined  from  x(T)  is  in 
good  agreement  with  that  obtained  from  our  specific  heat 
measurement,  and  from  magnetization  measurements  by  an¬ 
other  group  7  It  has  been  shown8  that  TN  decreases  with  de¬ 
creasing  oxygen  content  in  Sr2LaFe309.  The  fact  that  our 
sample  has  a  TN  of  203  K  suggests  that  it  has  an  oxygen 
content  very  close  to  9. 

The  x(T)  data  above  TN  for  the  FC  branch  show  a 
Curie-Weiss  behavior,  i.e.,  x(T)  =  c/T—  T*.  By  plotting 
1  /x(T)  vs  7,  we  obtain  a  negative  7*  value  of  -195  K 
consistent  with  the  antiferromagnetic  nature  of  the  ordering. 
From  the  Curie  constant  c,  we  obtain  a  value  for  yUeff  of  3.0 
fjiB  per  Fe  atom.  This  is  much  smaller  than  the  value  of  5.55 
jiB  previously  reported.7  The  latter  value  is  close  to  the  theo¬ 
retical  value  of  5.9  \xB  for  Fe  atoms,  and  therefore  is  consis¬ 
tent  with  a  localized  electron  model.  However,  our  smaller 
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FIG.  4.  The  temperature  dependence  of  the  magnetic  susceptibility  mea¬ 
sured  at  H=2  T  for  Sr2LaFe309.  Inset:  AM  vs  H  measured  at  T= 6  K. 


values  for  both  /%f  and  A  S  indicate  itinerant  magnetism  in 
the  Sr2LaFe309  system. 

It  can  be  seen  in  Fig.  3  that  the  ZFC  data  decrease  dra¬ 
matically  just  below  Tn  and  then  decrease  more  gradually  at 
low  temperatures.  However,  the  FC  curve  behaves  differ¬ 
ently  below  TN  .  It  decreases  initially  (with  decreasing  tem¬ 
perature),  reaches  a  minimum,  and  then  increases  monotoni- 
cally  at  low  temperatures.  The  increase  in  ^(T)  as  one 
lowers  the  temperature  in  the  FC  branch  indicates  the  exist¬ 
ence  of  a  ferromagnetic  component  in  this  compound. 
Shown  in  the  inset  of  Fig.  3  is  the  difference  in  magnetiza¬ 
tion  A M(T)  between  the  FC  and  ZFC  data,  that  is,  the  ZFC 
data  subtracted  from  the  FC  data.  A M(T)  exhibits  a  typical 
ferromagnetic  behavior.  This  behavior  has  also  been  ob¬ 
served  in  other  Fe  based  oxides,  e.g.,  YBa2Fe3Og10  and  an- 
nite  mica.11  We  have  also  measured  the  isothermal  magneti¬ 
zation  at  several  low  temperatures  in  applied  fields  between 
5  and  -5  T  for  Sr2LaFe309,  and  observed  a  hysteretic  be¬ 
havior,  i.e.,  remanent  magnetization  (not  shown). 


Shown  in  the  inset  of  Fig.  4  is  the  field  dependence  of 
AM  at  7=6  K.  AM  initially  increases  significantly  and  then 
saturates  gradually  at  high  applied  fields.  Consequently,  the 
difference  between  the  FC  and  ZFC  x(J)  data  will  become 
smaller  when  one  increases  the  applied  field.  Shown  in  the 
main  portion  of  Fig.  4  are  the  x(T)  data  measured  in  a  field 
of  2  T.  The  difference  between  the  FC  and  ZFC  curves  is 
greatly  reduced  from  that  observed  at  low  fields. 

Neutron  diffraction  measurements9  on  Sr2LaFe309  have 
shown  that  the  magnetic  structure  can  be  described  in  terms 
of  a  spin  density  wave  commensurate  with  the  crystal  lattice. 
The  noncubic  antiferromagnetic  structure  might  be  respon¬ 
sible  for  a  magnetic  moment  canting  in  an  external  field 
giving  rise  to  a  ferromagnetic  component  for  the  FC  curve. 

In  conclusion  both  the  specific  heat  and  magnetization 
measurements  indicate  that  an  antiferromagnetic  transition 
occurs  at  TN~ 203  K  in  Sr2LaFe309.  The  observed  entropy 
removal  and  effective  paramagnetic  moment  are  much 
smaller  than  those  that  one  would  expect  if  the  magnetism 
were  due  to  well-localized  moments  associated  with  the  Fe 
atoms.  The  FC  and  ZFC  magnetic  susceptibility  curves  show 
hysteretic  behavior  which  is  suppressed  by  applied  fields. 
The  57Fe  Mossbauer  spectrum  measured  at  4.2  K  is  consis¬ 
tent  with  two  superimposed  magnetic  hyperfine  fields,  as 
previously  observed  at  78  K.7,8 
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Results  are  presented  concerning  the  magnetic  properties  at  low  temperatures  of  mechanically 
alloyed  samples  of  the  Fe^Mno  y.^  Al0  3  (0.4^x*s0.5)  series.  According  to  these  results  the  samples 
were  characterized  as  having  a  broad  spectrum  of  relaxation  times  related  to  the  occurrence  of 
clustering.  Also,  in  the  particular  case  of  the  x  =0.40  sample,  we  were  able  to  detect  a  reentrant  spin 
glass  freezing  transition.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)03808-0] 


I.  INTRODUCTION 

The  combination1  of  structural  disorder  and  competing 
ferromagnetic  (F)  and  antiferromagnetic  (AF)  interactions 
brings  about  the  possibility  of  the  occurrence  of  spin  glass 
(SG)  behavior  in  the  FeMnAl  system.  Nevertheless,  and  de¬ 
spite  the  amount  of  already  published  work,2-7  both  theoreti¬ 
cal  and  experimental,  the  magnetic  properties  of  this  ternary 
system  must  still  be  explored  in  more  detail.  To  summarize 
those  previously  obtained  results,  let  us  say  that  Perez  Al¬ 
cazar  et  al.2  showed  that  disordered  bcc  samples  of  this  sys¬ 
tem  with  Mn  and  Al  contents  ranging  from  20  up  to  35  at.  % 
and  from  20  up  to  30  at.  %,  respectively,  showed  a  complex 
structure  for  the  line  in  the  phase  diagram  defined  by  the 
compositions  for  which  the  Curie  temperature  coincided  with 
the  room  temperature.  This  behavior  was  interpreted  by 
Rosales  Rivera  et  al?  as  related  to  the  occurrence  of  a  SG 
phase.  The  presence  in  the  Fe050(MnxAl1_x)0.50  series  of 
such  a  SG  phase  was  reported,  on  the  basis  of  Mossbauer 
results,  by  Kobeissi.4  A  reentrant  spin  glass  (RSG)  behavior, 
linked  to  the  presence  in  addition  to  disorder  and  competing 
interactions  of  some  paramagnetic  sites,  has  been  recently 
shown  to  occur  in  Fe0  45Mn0  30A10  25-5’6  Finally,  Bremers 
et  al  presented  evidence  of  RSG  in  Fe0  49Mno  nAl0  40 
samples. 

The  preparation  of  samples  by  means  of  solid  state  reac¬ 
tion  techniques  seems  to  be  specially  interesting8  from  the 
point  of  view  of  the  study  of  the  influence  of  the  disorder  on 
the  magnetic  behavior,  since  these  techniques  usually  have 
associated  control  parameters  allowing  a  gradual  introduc¬ 
tion  of  both  structural  (random  site  occupation)  and  micro- 
structural  (chemical  clustering)  disorder.  In  the  particular 
case  of  the  preparation  technique  used  in  this  work,  mechani¬ 
cal  alloying,  we  can  mention,  among  these  control  param¬ 
eters,  the  milling  time  and  intensity  and  the  mass  of  precur¬ 
sor  materials-to-mass  of  the  milling  balls  ratio. 

II.  PREPARATION  OF  SAMPLES  AND  EXPERIMENTAL 
TECHNIQUES  USED 

In  the  present  work  we  will  report  on  the  preparation  and 
low-temperature  magnetic  properties  of  the  alloy  series 
Fe^Mnoj-^Alo^  (0.4^x^0.5).  Our  samples  were  mechani¬ 
cally  alloyed  using  a  planetary  ball  mill  (Fritsch  Pulverisette 
7).  The  precursor  pure  elemental  powders  (<40  /zm  particle 


size,  99.99%  purity)  were  sealed  under  inert  atmosphere  in 
stainless  steel  jars  together  with  balls  of  the  same  material  in 
a  mass  of  powders-to-mass  of  the  balls  ratio  of  1:12.  That 
mixture  was  milled  for  72  h.  The  phase  distribution  of  the 
as-milled  material  was  examined  by  means  of  x-ray  diffract- 
ometry  (XRD,  Cu  Ka).  The  magnetic  properties  of  the 
samples  (measured  in  the  form  of  pressed  powder  cylinders) 
were  investigated  using  a  SQUID  magnetometer  (5  T,  1.7- 
400  K),  an  ac  susceptometer  (4.2-300  K,  operated  at  a  dc 
field  value  of  10  Oe,  ac  field  amplitude  of  3  Oe,  and  175  Hz 
frequency)  and  a  constant  acceleration  type  Mossbauer  spec¬ 
trometer  with  a  57Co  source. 


III.  RESULTS 

In  Fig.  1,  we  present  the  XRD  patterns  measured  in  all 
the  prepared  samples.  As  can  be  observed,  all  of  the  samples 
exhibited  bcc-type  reflections  exclusively. 

In  Fig.  2,  we  have  plotted  the  temperature  dependence  of 
the  ac  magnetic  susceptibility  measured,  after  zero  field  cool¬ 
ing,  in  the  x= 0.50,  0.475,  and  0.45  samples.  In  all  of  them 
we  observed  a  broad  plateau  which  indicated  a  very  wide 
spectrum  of  relaxation  times.  Different  from  this,  the  results 
corresponding  to  the  x =0.40  sample  (Fig.  3)  revealed  a  well- 
defined  (but  still  wide)  maximum  at  ~120  K. 

In  agreement  with  the  former  results,  the  curves  corre¬ 
sponding  to  the  temperature  dependence  of  the  low  field  (75 
Oe)  dc  magnetic  moment  measured  after  cooling  the  x= 0.40 
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FIG.  1.  X-ray  diffraction  patterns  obtained  in  the  different  samples  under 
examination. 
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FIG.  2.  Temperature  dependence  of  the  ac  susceptibility  measured  in  the 
x=0.50,  0.475,  and  0.45  samples. 


sample  under  a  field  of  75  Oe  (shown  in  Fig.  4)  coincided 
(down  to  the  sensitivity  of  our  magnetometer)  for  tempera¬ 
tures  above  130  K. 

The  Mossbauer  spectra  taken  in  the  x=0.40  sample  at 
different  temperatures  in  the  range  from  15  up  to  58  K  are 
shown  in  Fig.  5(a).  All  the  spectra  are  broad  and  unresolved, 
indicating  the  occurrence  of  a  high  degree  of  disorder  in  the 
samples.  The  best  fit  of  these  spectra  was  obtained  using  two 
hyperfine  field  distributions  (HFDs)  and  a  paramagnetic  line. 
The  associated  hyperfine  field  probability  distributions  re¬ 
sulting  from  the  fits  are  presented  in  Fig.  5(b).  As  is  apparent 
from  the  figure,  the  HFDs  shift  towards  the  low-field  range 
when  the  temperature  is  increased. 

The  average  hyperfine  field  associated  with  the  distribu¬ 
tions  evolved  with  temperature  as  shown  in  Fig.  6.  From  the 
extrapolation  to  higher  temperatures  of  these  data,  it  is  pos¬ 
sible  to  observe  that  the  average  hyperfine  field  should  van¬ 
ish  at  —80  K,  that  is  at  a  temperature  clearly  lower  than  that 
corresponding  to  the  maxima  observed  in  the  temperature 
dependence  of  the  ac  susceptibility  and  the  low  field  zero 
field  cooled  magnetic  moment.  Also  and  remarkably,  a  kink 
was  observed  in  the  temperature  evolution  of  the  hyperfine 
field  at  —30  K.  In  agreement  with  this  the  temperature  de¬ 
pendence  of  the  area  of  the  paramagnetic  line  considered  in 
the  fit  of  the  spectra  (see  Fig.  7)  exhibited  a  clear  increase 
above  40  K. 

IV.  DISCUSSION 

From  our  Mossbauer  data  obtained  in  the  *=0.40 
sample  two  major  conclusions  can  be  inferred:  on  the  one 
side,  the  order  temperature  associated  to  the  measured  hyper- 


FIG.  3.  Temperature  dependence  of  the  ac  susceptibility  measured  in  the 
x=0.40  sample. 


FIG.  4.  Temperature  dependence  of  the  low  field  magnetic  moment  of  the 
*=0.40  sample  measured  after  zero  field  cooling  and  field  cooling. 


fine  field  is  of  the  order  of  80  K  and  on  the  other,  following 
the  ideas  presented  in  Ref.  9,  the  sample  exhibits  reentrant 
spin  glass  behavior.  The  last  point  was  evidenced  by  the  kink 
observed  in  the  temperature  dependence  of  the  average  hy¬ 
perfine  field  which  can  be  understood  as  linked  to  the  appear¬ 
ance  (as  the  temperature  is  decreased)  of  an  extra  contribu¬ 
tion  to  that  field  coming  from  the  moments  which  at 
temperatures  higher  than  that  of  the  kink  behaved  as  para¬ 
magnetic  and  freezed  below  it.  This  idea  is  confirmed  by  the 
temperature  dependence  of  the  percentage  of  the  total  spec¬ 
tral  area  associated  to  the  paramagnetic  line:  it  peaks  at  tem¬ 
peratures  slightly  higher  than  those  of  the  kink  in  the  average 
hyperfine  field  versus  temperature  curve,  indicating  an  in¬ 
crease,  linked  to  the  defreezing  process,  of  the  number  of 
moments  which  behave  paramagnetically. 


Velocity  (mm/s)  Mean  field  (1 0  kOe) 

FIG.  5.  (a)  Mossbauer  spectra  measured  in  the  x=0.40  sample  at  different 
temperatures,  (b)  Hyperfine  field  probability  distributions  in  the  sample  with 
*=0.40  evaluated  from  the  fit  of  the  spectra  shown  in  (a).  The  different 
subspectra  considered  are  also  indicated. 
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FIG.  6.  Temperature  dependence  of  the  average  hyperfine  field  of  the 
*=0.40  sample. 

In  contrast  with  the  Mossbauer  results,  magnetometric 
and  susceptometric  data  obtained  in  this  sample,  al- 
thoughqualitatively  indicating  the  occurrence  of  a  freezing 
process,  evidenced  measurable  magnetic  moments  and  sus¬ 
ceptibilities  at  temperatures  higher  than  at  which,  according 
to  our  Mossbauer  data,  the  hyperfine  field  should  vanish.  A 
similar  behavior,  i.e.,  the  observation  in  the  Mossbauer  spec¬ 
tra  of  broad  and  unresolved  structures  at  temperatures  at 
which  magnetometric  techniques  are  able  to  detect  indica¬ 
tions  of  magnetic  order,  has  been  previously  reported  in  a 
number  of  different  systems10"14  and  is  usually  related  to  the 
occurrence  of  a  range  of  relaxation  times  covering  many  de¬ 
cades,  being  magnetic  field  sensitive  and  linked  to  the  exist¬ 
ence  of  clusters.  In  our  particular  case,  the  broad  maxima 
detected  in  the  susceptibility  versus  temperature  curves  of  all 
the  examined  samples  are  a  further  confirmation  of  the  oc¬ 
currence  of  clusters. 

Regarding  the  origin  of  the  proposed  clusters,  let  us 
remember  the  out-of-equilibrium  nature  of  the  preparation 
process  and  the  fact  that  the  samples  were  measured  in 
the  as-milled  state.  Then,  it  is  possible  to  envisage  the  pres¬ 
ence  of  both  chemical  (linked  to  compositional  fluctuations) 
and  magnetic  (linked  to  exchange  fluctuations)  clusters 
which  should  result  in  a  wide  distribution  of  local  fields.  A 
study  of  the  magnetic  properties  of  structurally  relaxed 
samples  is  currently  being  carried  out  in  order  to  clarify  this 
point. 


FIG.  7.  Temperature  dependence  of  the  percentage  of  the  total  area  associ¬ 
ated  to  the  paramagnetic  lines  used  to  fit  the  spectra  in  Fig.  5(a). 
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Neutron  scattering  measurements  revealed  that  even  a  seemingly  perfect  crystal  of  KNiCl3  at  room 
temperature  may  segregate  into  two  phases  with  different  lattice  distortions  in  the  basal  ab  plane  at 
temperatures  below  7== 270  K.  In  phase  A,  distortion  leads  to  an  increase  of  the  unit  cell  size  by  a 
factor  of  3,  giving  rise  to  nuclear  Bragg  peaks  of  type  ( h/3,h/3,l ).  In  phase  B  the  distortion  gives 
rise  to  Bragg  peaks  at  (3fi/4,0,/),  with  integer  h  and  /.  Two  different  magnetic  structures  have  been 
observed  with  TN=  12.5  and  8.6  K  in  phases  A  and  B,  respectively.  Magnetization  measurements 
confirm  the  values  of  TN  found  by  neutron  scattering  for  the  two  magnetic  structures.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)00608-2] 


The  great  interest  in  magnetic  properties  of  the  hexago¬ 
nal  ABX3- type  compounds  is  due  to  the  fact  that  they  pro¬ 
vide  good  examples  of  triangular-lattice  antiferromagnets. 
By  varying  A,  B,  and  X  (where  A  is  an  alkali  metal,  B  is  a 
bivalent  metal  of  3  d  group,  and  X  is  a  halogen)  one  can 
create  systems  with  different  type  of  magnetic  interactions. 
For  example,  CsCoBr3  and  CsCoCl3  may  be  described  as 
Ising  antiferromagnets,1  CsFeBr3  and  CsFeCl3  are  usually 
referred  to  as  singlet  ground  state  magnets  because  the  Fe2+ 
ion  has  locally  a  singlet  ground  state  (ms=0); 2,3  CsNiCl3  and 
CsMnI3  are  nearly  Heisenberg  systems  with  small  easy-axis 
anisotropy,4,5  while  other  Heisenberg  antiferromagnets 
CsMnBr3  and  RbMnBr3  exhibit  strong  XF-type 
anisotropy.6,7  It  has  been  found  that  a  variety  of  new  mag¬ 
netic  properties  exists  in  these  types  of  compounds,  such  as 
field-induced  phase  transitions  from  the  triangular  phase  to  a 
collinear  one,  incommensurate-commensurate  phase  transi¬ 
tions,  critical  behavior  associated  with  a  chiral  degeneracy, 
and  unusual  phase  diagrams.  A  common  feature  of  all  of 
these  systems  is  that  the  exchange  interactions  in  the  chains 
of  3d  ions  along  the  hexagonal  axis  are  much  stronger  than 
those  in  the  basal  plane.4 

Here  we  present  the  results  of  elastic  neutron  scattering 
measurements  and  magnetization  measurements  on  KNiCl3 , 
an  example  of  the  Heisenberg  triangular  antiferromagnet. 
Particular  interest  in  the  “KNiCl3  family”  of  crystals  may  be 
attributed  to  the  experimental  opportunity  to  investigate  the 
magnetic  properties  of  the  easy-plane  triangular  lattice  anti¬ 
ferromagnets  with  partially  released  spin  frustration.8,9  In 
contrast  to  the  fully  frustrated  triangular  spin  systems,  such 
as  in  CsMnBr3 ,  the  crystal  distortions  in  the  KNiCl3  family 
break  the  symmetry  of  the  interaction  between  neighboring 
in-plane  magnetic  ions.  The  theory  predicts  a  different  type 
of  behavior,10-12  especially  in  an  applied  magnetic  field,13 
according  to  different  distortions  of  the  ideal  hexagonal 
packing  and  consequently  of  the  120°  spin  structure. 

The  neutron  scattering  measurements  were  carried  out 
on  the  N5  and  C5  triple-axis  spectrometers  at  the  NRU  re¬ 
actor  at  the  Chalk  River  Laboratories  and  on  the  double-axis 
spectrometers  at  McMaster  University  Nuclear  Reactor.  A 


pyrolytic  graphite  (002)  reflection  was  used  for  the  mono¬ 
chromator,  the  incident  and  scattered  neutron  energy  was 
fixed  at  3.52  THz  at  Chalk  River  and  at  3.36  THz  at  McMas¬ 
ter.  A  pyrolytic  graphite  filter  at  room  temperature  and  a 
nitrogen-cooled  sapphire  filter  were  installed  in  the  beam  to 
remove  higher-order  contamination.  The  collimation  was 
typically  0.47°-0.56°-2.5°.  Liquid-helium  cryostats  with  a 
minimum  temperature  1.7  K  were  used  at  Chalk  River  Labo¬ 
ratories,  while  at  McMaster  University  we  used  only  liquid 
nitrogen  for  the  sample  cooling.  The  single-crystal  samples 
were  aligned  in  two  different  ways,  so  that  the  horizontal 
scattering  plane  contained  either  ( hhl )  or  (hOl)  reflections 
indexed  in  the  hexagonal  cell  with  a  =  11.80  A  and  c=5.94 

A. 

We  investigated  three  large  crystals  of  KNiCl3  in  our 
neutron  scattering  experiments.  All  of  them  were  prepared 
using  the  Bridgman  method  and  were  cylindrical  in  a  shape 
with  length  approximately  10-20  mm  and  diameter  ~10 
mm.  At  room  temperature  all  three  crystals  gave  identical 
scattering  patterns  consistent  with  the  space  group  P63cm. 
This  structure  is  distinguished  from  the  undistorted  high- 
temperature  structure  with  space  group  P63/mmc  by  a  shift¬ 
ing  of  two  thirds  of  the  NiCl3  chains  along  the  c  axis.14 
Further  structural  phase  transitions  just  below  room  tempera¬ 
ture  have  been  reported  by  Machida  et  a/.15  We  observe  a 
dramatic  difference  between  crystals  after  cooling  through 
these  transitions  at  285  and  274  K. 

In  crystal  number  1  (volume  ~0.8  cm3)  scans  in  the 
(hhl)  plane  of  the  reciprocal  lattice  revealed  new  Bragg 
peaks  at  position  ( h/3,h/3,l ).  The  intensity  of  these  peaks 
was  small,  increasing  gradually  as  the  temperature  decreases, 
though  even  at  the  lowest  temperature  it  did  not  exceed  half 
a  percent  of  the  intensity  of  the  main  reflections.  No  new 
nuclear  peaks  were  found  for  scans  in  the  ( hOl )  plane.  None 
of  the  main  Bragg  peaks  change  in  intensity  when  passing 
through  the  phase  transition.  From  these  observations  it  is 
concluded  that  (1)  the  low- temperature  unit  cell  is  rotated 
through  90°  about  the  c  axis  from  the  room-temperature  unit 
cell  and  enlarged  to  V3a,V3a,  and  c,  (2)  the  distortion  of  the 
low-temperature  structure  is  small  so  that  the  structure  does 
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FIG.  1.  Bragg-peak  intensity  of  KNiCl3  at  7=4.2  K  observed  with  (h02) 
scans.  For  sample  1  (top),  phase  A  is  the  majority  phase  and  for  sample  2 
(bottom),  phase  B  is  the  majority  phase. 


FIG.  2.  Bragg-peak  intensity  of  KNiCl3  at  T =4.2  K  for  phase  A  (top)  and  B 
(bottom)  along  the  (/i01)  direction  of  the  reciprocal  lattice.  Nuclear  peaks 
are  designated  in-plane  magnetic  peaks  “m,”  and  out-of-plane  mag¬ 
netic  peaks  “o.” 


not  differ  much  from  the  structure  at  room  temperature.  This 
tripling  of  the  unit  cell  volume  is  quite  common  for  materials 
with  this  crystal  structure.  Further  measurements  on  a  pow¬ 
der  sample16  confirmed  this  conclusion;  the  powder  neutron 
scattering  pattern  looks  similar  at  all  temperatures  except 
those  where  magnetic  ordering  appeared.  We  call  the  low- 
temperature  structure  of  this  crystal  phase  A . 

In  crystal  number  2  (volume  ~1.2  cm3),  whose  low- 
temperature  phase  we  call  phase  B,  the  change  of  crystal 
structure  below  and  above  the  phase  transition  temperature  is 
less  common.  Instead  of  room-temperature  peaks  at  position 
(hOl),  with  l  even,  new  peaks  appeared  at  (h  +  q,0,l)  with 
q=0  for  h  =  3n  (n  integer),  q  =  ~\  for  h=3n+\  and  q  =  \ 
for  h  =  3n  +  2.  Figure  1  shows  the  intensity  of  nuclear  Bragg 
peaks  of  (h02)  type  at  T =4.2  K  for  both  crystals.  Inspection 
of  the  scattering  patterns  from  the  two  crystals  shown  in  Fig. 
1  demonstrates  that  neither  crystal  is  homogeneous;  that  is  a 
small  amount  of  phase  A  is  present  in  the  second  crystal,  as 
well  as  a  small  amount  of  phase  B  in  the  first  one.  Our  rough 
estimation  of  the  phase  ratio  A:B  gives  97:3  for  the  first 
crystal  and  10:90  for  the  second  one.  For  each  crystal  this 
ratio  is  repeatable  and  does  not  depend  upon  the  cooling  rate. 
To  investigate  the  spatial  distribution  of  phases  A  and  B  in 
the  second  crystal  we  restricted  the  horizontal  size  of  the 
neutron  beam  to  2  mm  and  measured  the  intensity  of  the 
peaks  from  both  phases  while  moving  the  beam  along  the 
cylindrical  sample.  This  simple  experiment  showed  that 
phase  A  in  the  second  crystal  is  mostly  located  on  the  top 
and  bottom  of  the  cylinder,  while  phase  B  occurs  mostly  in 
the  middle. 

Crystal  number  3  was  prepared  and  studied  to  investi¬ 
gate  the  influence  of  the  annealing  process  on  the  crystal 
structure  of  KNiCl3.  A  neutron  diffraction  pattern  of  this 
crystal  was  measured  immediately  after  preparation  and 
again  after  annealing  for  12  days  at  a  temperature  of  250  °C. 
No  significant  change  was  found  and  in  both  cases  the  third 
crystal  gave  reflections  consistent  with  phase  B. 

As  a  consequence  of  the  existence  of  two  different  crys- 
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tal  modifications,  two  different  magnetic  structures  have 
been  observed  in  phases  A  and  B  (see  Fig.  2).  In  both  cases 
magnetic  reflections  (hkl)  are  only  observed  for  /  odd  be¬ 
cause  of  the  strong  antiferromagnetic  interactions  along  the 
chains. 

In  phase  A  the  magnetic  Bragg  peaks  are  at  (/z,0,2/'  +  1) 
and  the  magnetic  structure  is  in-plane  triangular  with  the 
angles  between  two  nearest  neighbor  spins  close  to  120°.  The 
nonzero  intensity  of  the  reflection  (001)  (not  shown  in  Fig.  2) 
shows  that  there  are  deviations  from  120°.  These  are  brought 
about  by  the  nonequivalent  interchain  exchange  interaction17 
and  correspond  to  nonzero  magnetization  in  one  basal  plane. 
Note,  that  antiferromagnetic  alignment  of  spins  along  the 
chains  results  in  the  net  magnetization  remaining  exactly 
zero  for  zero  external  field. 

The  bottom  of  Fig.  2  shows  the  Bragg-peak  intensity  for 
phase  B  along  the  (hOl)  direction  of  reciprocal  space.  The 
magnetic  peaks  are  sharper  than  the  nuclear  peaks.  This 
might  suggest  distortions  of  the  nuclear  structure  to  lower 
symmetry.  The  magnetic  peaks  would  come  from  single  do¬ 
mains  while  the  nuclear  peaks  are  an  unresolved  superposi¬ 
tion  of  different  domains.  Not  all  of  the  observed  peaks  lie  in 
the  (hOl)  plane,  we  have  seen  additional  reflections  located 
slightly  below  and  slightly  above  the  scattering  plane  due  to 
relatively  open  vertical  resolution.  The  insertion  of  a  verti¬ 
cally  focusing  monocromator  significantly  increased  the  in¬ 
tensity  of  these  peaks,  while  by  decreasing  the  vertical  size 
of  the  detector  it  is  possible  to  decrease  the  intensity  to  zero. 
All  magnetic  Bragg  peaks  located  in  the  scattering  plane  can 
be  indexed  as  [f(2/x+  1),0,2/+  1]  and  are  designated  an 
“m”  on  Fig.  2.  The  overall  magnetic  scattering  pattern  in 
phase  B ,  including  peaks  above  and  below  the  scattering 
plane,  is  identical  to  that  observed  in  another  XY- like  anti- 
ferromagnet  on  a  distorted  stacked  triangular  lattice, 
RbMnBr3,  at  high  magnetic  field.7  The  analogy  with  KNiCl3 
may  help  resolve  some  unanswered  questions  about  the  mag¬ 
netic  properties  of  RbMnBr3 .  For  example,  the  presence  of 

Petrenko  et  al. 


6615 


FIG.  3.  Integrated  intensity  of  the  magnetic  Bragg  peaks  of  KNiCl3  vs 
temperature  for  phase  A  (top)  and  B  (bottom). 


two  magnetic  structures  with  different  ordering  wave  vector 
and  ordering  temperatures  found  in  RbMnBr3  by  one  group 
of  authors7  and  not  by  another,18  is  likely  to  be  attributed  to 
a  different  phase  ratio  A  :B  in  the  two  samples.  Despite  the 
similarity  of  the  crystal  structures,  the  magnetic  structure  of 
RbMnBr3  at  low  magnetic  field  in  phase  B  differs  from 
phase  B  of  KNiCl3  in  that  it  is  an  incommensurate  ordered 
structure  with  magnetic  Bragg  peaks  at  ( h!%±8 \  h/&±S, ,  /) 
with  £=0.0183. 

Figure  3  shows  the  temperature  dependence  of  the  inte¬ 
grated  intensity  of  the  magnetic  Bragg  peaks  for  phases  A 
and  B .  The  temperature  of  magnetic  ordering  was  found  to 
be  7^=  12.5  ±0.1  K  and  TAr=8.6±0.1  K  in  phases  A  and  B, 
respectively.  This  result  has  been  obtained  both  by  measure¬ 
ment  in  a  double-axis  mode  and  in  a  triple-axis  mode  with 
zero  energy  transfer. 

It  is  apparent  from  the  discussion  above,  that  previously 
reported  neutron  scattering  and  magnetization 
measurements17  were  carried  out  on  a  different  phase  of 
KNiCl3 .  Inelastic  neutron  scattering  measurements  (Figs.  1 
and  2  of  Ref.  17)  were  performed  on  crystal  number  1  with 
phase  A,  while  magnetization  measurements  (Figs.  3  and  4 
of  Ref.  17)  were  performed  on  a  different  small  crystal  cor¬ 
responding  to  phase  B.  We  remeasured  the  magnetization  of 
both  phases  of  KNiCl3  using  a  Quantum  Design  SQUID 
magnetometer.  A  typical  example  of  the  temperature  depen¬ 
dence  of  the  magnetization  at  H =0.75  T  is  shown  in  Fig.  4. 
Both  curves  demonstrate  well-pronounced  changes  of  slope 
at  the  magnetic  ordering  temperature  TN=  12.6  K  and 
Tn= 8.7  K,  in  good  agreement  with  the  neutron  scattering 
results. 

In  conclusion,  we  have  presented  experimental  data 
which  unambiguously  show  the  existence  of  two  different 


FIG.  4.  The  temperature  dependence  of  the  magnetization  of  KNiCl3  at 
#=0.75  T,  Hlc ,  in  arbitrary  units.  The  arrows  at  12.6  and  8.7  K  correspond 
to  the  ordering  temperature  for  phases  A  and  B,  respectively. 


low-temperature  crystal  and  magnetic  structures  in  the  easy- 
plane  triangular  lattice  antiferromagnet  KNiCl3.  Three- 
dimensional  x-ray  or  neutron  diffraction  measurements  are 
needed  to  determine  the  precise  crystal  structure  of  both  low- 
temperature  phases. 
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New  spin  glass  Fe0.67Cri .33Sn0-67S4  with  magnetic  ions  in  tetrahedral 
and  octahedral  sublattices  (abstract) 

L.  I.  Koroleva,  L.  N.  Lukina,  and  A.  G.  Odintsov 

Department  of  Physics,  M.  V.  Lomonosov  Moscow  State  University,  Moscow  119899,  Russia 

T.  V.  Virovets 

Kurnakov  Institute  of  General  and  Inorganic  Chemistry,  Moscow  117907,  Russia 

To  date,  spin  glass  state  is  observed  in  chalcogenide  spinels  with  magnetic  ions  either  in  tetrahedral 
A  sublattice  or  in  octahedral  B  sublattice.  The  possibility  of  spin  glass  state  in  chalcospinels  with 
magnetic  ions  in  both  of  A  and  B  sublattices  is  not  evident  because  the  intersublattice 
antiferromagnetic  superexhange  is  more  higher  than  intrasublattice  ferromagnetic  superexhange.  In 
the  present  paper  the  magnetic  and  electrical  properties  of  first  produced  spinel  Fe0  33Sn0  67S4 
are  studied.  This  sample  is  p-type  semiconductor.  Here  B  sublattice  is  diluted  of  diamagnetic  Sn4+ 
ions  and  Fe2+  ions  deficiency  exists  in  A  sublattice.  The  isotherms  of  the  magnetization  cr  are  not 
saturated  in  investigation  region  of  magnetic  field  35  kOe  and  of  temperatures  4.2^7^120  K. 

At  the  same  time,  this  sample  possesses  magnetic  properties  typical  of  spin  glass.  Thus  a  maximum 
on  the  temperature  dependence  of  the  magnetic  susceptibility  measured  in  a  weak  ac  field  is  founded 
at  the  freezing  temperature  7^.  (The  frequency  region  is  0.3^w^2  kHz,  /7_=0.3  Oe.)  The 
maximum  is  lowered  under  a  static  magnetic  field  which  is  applied  parallel  to  the  ac  field. 
Low-temperature  magnetization  in  the  weak  field  depends  on  the  cooling  process  (with  or  without 
field).  The  7}(cu)  dependence  obeys  the  power  law  and  Tf(H,T)  dependence  obeys  the  Almeida- 
Touless  relation;  these  facts  attest  that  phase  transition  spin  glass -paramagnetic  exists  in  this 
sample.  This  is  a  first  spin  glass  among  chalcospinels  with  magnetic  ions  in  A  and  B 
sublattices.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)63708-9] 
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Scaling  of  the  thermoremanent  relaxation  in  FeNiCr 

D.  Li  and  R.  M.  Roshko 

Department  of  Physics,  University  of  Manitoba,  Winnipeg  MB  R3T  2N2,  Canada 

We  present  measurements  of  the  relaxation  of  the  low  field  thermoremanent  magnetization  of 
Feo.65Nio.24Cr0.u  over  four  decades  of  observation  time  1  s</=£104  s,  as  a  function  of  temperature 
T  and  system  age  tw .  The  system  orders  ferromagnetically  at  rc=110  K  and  then,  near  TR= 50  K 
collapses  into  a  much  less  responsive  low-temperature  phase,  with  glassy,  age-dependent  dynamics 
appearing  below  Tg= 22  K.  We  have  analyzed  the  data  using  a  model  of  random  traps  developed  by 
Bouchaud,  according  to  which  the  relaxation  curves  for  different  tw  at  a  given  temperature  T  will 
scale  onto  a  universal  curve  when  plotted  as  a  function  of  t/tw ,  provided  that  proper  account  is  taken 
of  the  distribution  of  ergodic  times  /erg  possessed  by  a  real  system.  With  the  assumption  of  a 
log-normal  distribution  P(/erg),  we  have  calculated  the  nonuniversal  correction-to-scaling  factor 
explicitly,  and  we  have  shown  that  the  data  do  indeed  collapse  remarkably  well  onto  a  universal 
curve,  with  a  suitable  choice  of  values  for  the  two  distribution  parameters,  and  for  the  two  relaxation 
function  parameters.  ©  1996  American  Institute  of  Physics.  [S0021-8979(96)03908-7] 


Disordered  materials  are  characterized  by  a  very  slow 
relaxation  of  their  macroscopic  observables  (typically  loga¬ 
rithmic,  or  stretched  exponential,  or  weak  power  law)  in  re¬ 
sponse  to  a  step-function  excitation,  and  by  the  aging  effect, 
which  means  that  the  relaxation  response  depends  on  the 
time  that  the  system  has  spent  in  the  glassy  state  at  a  tem¬ 
perature  T<Tg  before  it  is  probed.  Recently,  Bouchaud1  has 
offered  a  phenomenological  explanation  for  this  behavior, 
which  is  based  on  the  very  general  premise  that  the  free 
energy  landscape  of  a  disordered  material  is  very  rugged, 
with  many  local  metastable  minima  which  temporarily  trap 
the  system  as  it  evolves  towards  equilibrium.  If  the  distribu¬ 
tion  of  trapping  times  t  has  the  form  (*+1)  with 

x<l,  then  the  mean  trapping  time  f  =  r)dr  diverges 

(t0  is  a  microscopic  time),  so  that  an  infinite  system  will 
require  an  infinite  time  to  explore  all  of  its  configuration 
space.  Thus,  its  relaxation  response  will  specifically  depend 
on  where  it  was  trapped  in  configuration  space  when  it  was 
disturbed  by  the  probing  field. 

In  a  finite  system  with  S  metastable  states,  a  random 
walk  analysis  predicts  that  there  will  be  a  most  probable 
longest  trapping  time  encountered  by  the  system,  and  this 
plays  the  role  of  an  ergodic  time  rerg=  T()Sy\  after  which  the 
system  is  assumed  to  have  reached  equilibrium.  If  the  wait 
time  tw  between  the  temperature  quench  from  above  to  be¬ 
low  Tg  and  the  application  of  the  probing  field  is  much  less 
than  the  ergodic  time  rerg ,  the  relaxation  response  is  noner- 
godic  and  given  by1 


m(t,tw)  =  m0  exp 


(1) 


If  tw>te rg,  the  system  is  in  equilibrium,  and  the  relaxation 
response  is  very  nearly  the  same  function,1,2  but  with  tw 
replaced  by  rerg . 

If  the  response  of  a  real  system  was  purely  nonergodic 
then,  for  a  given  temperature  T ,  the  relaxation  data  for  dif¬ 
ferent  tw  should  scale  onto  a  universal  curve  when  plotted  as 
a  function  of  tftw9  since  the  predicted  response  m(t,tw)/m0 
in  Eq.  (1)  depends  only  on  the  reduced  variable  t/tw .  How¬ 
ever,  if  a  macroscopic  system  was  actually  a  collection  of 


independent  subsystems,  with  a  distribution  of  sizes  P(S ) 
and  of  ergodic  times  P(ttrgi ),  then  departures  from  universal¬ 
ity  would  be  expected,  due  to  that  fraction  of  subsystems 
with  terg<tw ,  for  which  aging  has  ceased. 

In  this  paper,  we  present  measurements  of  the  relaxation 
of  the  low  field  thermoremanent  magnetization  in  a  sample 
of  Fe0  65Ni0  24Cr0  n  as  a  function  of  observation  time  t ,  wait 


FIG.  1.  (a)  The  thermoremanent  relaxation  M{t)/M0  measured  at  7=17  K 
for  several  different  values  of  the  wait  time  tw ,  plotted  as  a  function  of 
logio (f/f  J.  (b)  The  same  data  in  (a)  scaled  along  the  vertical  axis  by  the 
correction  factor  1  -F  as  described. 
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FIG.  2.  (a)  The  thermoremanent  relaxation  M(t)IM0  measured  at  T=19  K 
for  several  different  values  of  the  wait  time  tw ,  plotted  as  a  function  of 
\ogl0(t/tw).  (b)  The  same  data  in  (a)  scaled  along  the  vertical  axis  by  the 
correction  factor  1  -F  as  described. 


time  tw ,  and  temperature  T,  and  we  show  that,  with  only  a 
few  simplifying  assumptions,  the  experimental  systematics 
are  remarkably  consistent  with  Bouchaud’s  model  of  random 
traps. 

An  alloy  of  Feo^Nioss-^Cr*  with  x=0.11  was  prepared 
by  melting  the  appropriate  amounts  of  99.99%  Fe  foil, 
99.995%  Ni  foil,  and  99.99%  Cr  chunks,  all  supplied  by 
Aldrich  Chemical  Company  Inc.,  on  the  water-cooled  copper 
hearth  of  an  argon  arc  furnace,  using  a  tungsten  electrode 
and  a  titanium  getter.  The  ingot  was  inverted  and  remelted 
several  times  to  ensure  homogeneity,  then  cold  rolled  into  a 
thin  sheet  from  which  a  sample  of  dimensions  10  mm X 0.3 
mm  X  0.05  mm  was  spark  cut.  The  sample  was  sealed  in  a 
quartz  tube  under  a  partial  atmosphere  of  argon,  annealed  for 
4  days  at  1000  °C,  and  rapidly  quenched  into  water. 

The  measurements  of  the  thermoremanent  relaxation 
were  performed  on  a  custom-designed  SQUID-based  suscep- 
tometer  which  has  been  described  in  detail  elsewhere  in  the 
literature.3 

The  system  Fe0  65Ni024Cr011  is  a  reentrant  ferromagnet,4 
with  a  ferromagnetic  Curie  temperature  TC=110  K  and  a 
reentrant  temperature  7^=50  K,  the  latter  identified  by  a 
relatively  abrupt  drop  in  the  low  field,  frequency  dependent 
differential  response  function  dHa  as  the  system 

is  cooled  through  TR  4  Below  a  characteristic  temperature 

22  K,  the  relaxation  response  has  age-dependent  behav¬ 


FIG.  3.  (a)  The  thermoremanent  relaxation  M(t)IM0  measured  at  T= 21  K 
for  several  different  values  of  the  wait  time  tw ,  plotted  as  a  function  of 
log,0( tftw).  (b)  The  same  data  in  (a)  scaled  along  the  vertical  axis  by  the 
correction  factor  1  -F  as  described. 


ior  typical  of  a  glass;  when  the  system  is  cooled  in  a  field 
Hc=  1.0  Oe  from  a  paramagnetic  reference  temperature 
Jref— 140  K  above  Tc  to  a  temperature  T<Tg  and  held  there 
for  a  time  tw  before  turning  off  the  field,  the  thermoremanent 
relaxation  curves  exhibit  an  inflection  point  ?infl  when  plotted 
on  a  logarithmic  time  scale,  which  propagates  towards  longer 
observation  times  with  increasing  age  tw.  The  aging  rate 
d  log10  rinfl/d  log10  tw  is  temperature  dependent,  and  de¬ 
creases  as  T-^T~ .  Figures  1(a),  2(a),  and  3(a)  show  the  mea¬ 
sured  thermoremanent  decay,  normalized  to  its  value  M0  at 
f=0,  and  plotted  versus  log \o(t/tw),  for  three  temperatures 
7=17,  19,  and  21  K,  and  several  wait  times  tw  =  1  min,  3 
min,  5  min,  10  min,  15  min,  30  min,  1  h,  and  2  h.  The  value 
of  M0  was  determined  by  fitting  the  data  to  the  superposition 
of  a  stretched  exponential  and  a  constant,  and  extrapolating 
to  t =0. 

If  we  interpret  the  decline  in  the  aging  rate,  and  the 
failure  of  the  data  in  Figs.  1(a),  2(a),  and  3(a)  to  scale  onto  a 
universal  curve  with  log10(f/fw),  as  evidence  of  interrupted 
aging,  then  the  magnetization  M(t)  should  be  represented  as 
a  superposition  of  independent  response  functions  each 
weighted  according  to  a  distribution  P(rerg).  If  we  further 
assume  that  the  crossover  from  nonergodic  to  ergodic  behav¬ 
ior  occurs  suddenly,  which  is  equivalent  to  assuming  that  the 
most  probable  ergodic  time  terg=T0Sllx  is  also  the  only  er¬ 
godic  time  which  occurs  with  any  appreciable  probability  for 
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TABLE  I.  “Best  fit”  parameters  for  Eqs.  (3)  and  (4). 


Mr(t)  =  M0\  I  WdtergP(te rg)exp  -y|  t  x(t 

^(K)  log10(erg  ^erg  *  y  '  J° 


17 

19 

21 

2.0±0.2 

1.0±0.3 

0.0±0.3 

2.0±0.3 

2.0±0.3 

2.0±0.3 

0.10±0.05 

0.60±0.10 

0.83±0.10 

0.0128±0.0010 

0.0135±0.0010 

0.0140±0.0010 

+  #  Y 

~  1  erg/ 

j 

~ldt 

|  4 ~  j  ^ferg^C^erg) 

Xexp 

-yj 

„  t  \  ■ 

rx(t+twy-ldt\ 

(2) 

any  given  subsystem,  and  that  the  crossover  takes  place 
when  tw=ta rg  (rather  than  when  t+tw= ferg ,  as  it  does  in  the 
model),  then  each  term  in  the  superposition  is  either  purely 
ergodic  or  purely  nonergodic,  and  the  total  magnetization  is 
given  by 


By  factoring  out  the  purely  nonergodic  ^-dependent  expo¬ 
nential,  this  equation  can  be  recast  as  the  product  of  a  uni¬ 
versal  function  f(tltw )  and  a  nonuniversal  correction  factor 
1-F  which  describes  deviations  from  t!tw  scaling: 


J 


f  Ct 

M(t)=M0  exp  -y  t~x(t+tw)x~ldt 
\  Jo 


f(t/tw ) 


f‘WdtersP(ttrs)  1-expj  -yj't  x(t  +  teTg)x  ^t+yf^  x(t+tw)x  ldt 


(3) 


Thus,  a  plot  of  M(t)/[M0(l-F)]  should  restore  universal¬ 
ity.  In  fact,  with  the  choice  of  a  log-normal  distribution  of 
ergodic  times: 


P(teJ  = 


yjh Tt 


2  2 
erg°erg 


exP 


(logio  ^erg  logio  ^erg) 


2cr; 


erg 


(4) 


it  is  possible  to  explicitly  calculate  the  correction  factor  in 
Eq.  (3)  numerically  and,  as  Figs.  1(b),  2(b),  and  3(b)  show,  to 
obtain  remarkably  good  universal  behavior  using  the  “best- 
fit”  parameters  listed  in  Table  I.  Inspection  of  this  table 
shows  that  (a)  the  width  of  the  distribution  of  ergodic  times 
is  relatively  large  (crerg=2)  and  temperature  independent,  (b) 
the  mean  of  the  logarithm  of  the  ergodic  time  is  relatively 
small  (log10  ^  2)  and  decreases  with  increasing  tempera¬ 
ture,  which  is  consistent  with  the  observed  tendency  of  the 
system  to  age  less  and  thus  to  approach  equilibrium  faster  as 
T  increases,  (c)  the  parameter  x,  which  describes  the  struc¬ 


ture  of  configuration  space,  increases  with  increasing  tem¬ 
perature  and  approaches  unity  as  T->T~ ,  which  is  more  con¬ 
sistent  with  Derrida’s  model5  of  random  energy  levels  than 
with  the  Sherrington  and  Kirkpatrick  model6  of  random  ex¬ 
change  bonds,  in  agreement  with  the  conclusions  reached  by 
Bouchaud  and  co-workers2  for  more  canonical  spin  glass 
systems.  For  our  particular  choice  of  distribution,  the  mean 
ergodic  time  ferg  is  given  by  ^erg  / 0  ^erg^(  ^erg)^erg 
=  exp(log10  f e rg/logioe  +  °"erg/2( logio^ ) 2 ) /log  10  e,  which 
yields  values  of  tag  ranging  from  ferg  (17  K)~8X  106  s  to  /erg 
(21  K)~5  X 104  s,  once  again  comparable  to  those  deduced  in 
Ref.  2. 
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7Li  nuclear  magnetic  resonance  (NMR)  spectra  and  relaxation  rates  in  Ni^Li^O,  for 
0.01^x^0.46  and  for  20=^7^550  K  are  presented.  For  x^0.2  the  antiferromagnetic  (AF)  phase 
typical  of  NiO  is  still  observed.  The  Neel  temperatures  TN(x ),  the  temperature  dependence  of  the 
field  at  the  Li  site,  and  the  role  of  the  extra  holes  in  driving  the  correlated  spin  dynamics  of  Ni2+ 
are  derived.  In  particular,  from  7Li  relaxation  rates  W  the  hopping  frequencies  of  the  holes  on  the 
AF  background  and  the  energy  gaps  between  itinerant  and  localized  states  are  extracted.  In  the 
mixed  regime  (*5*0.3,  LiNi02  structure-type)  in  which  partial  ordering  on  alternate  Li+  and  Ni3+ 
layers  occurs,  7Li  NMR  data  display  the  features  typical  of  disordered  paramagnets,  consistent  with 
a  picture  of  random  distribution  of  Ni3+  (5=  1/2),  Ni2+  ( 5  =  1)  and  of  spin  vacancies  Li+  (5  =  0). 

In  particular,  for  x  =  0.46,  on  cooling,  a  paramagnetic-like  divergence  of  the  width  and  of  the  shift 
of  the  NMR  line  is  observed  while  7Li  W s  indicate  slowing  down  of  the  spin  fluctuations.  The 
fluctuation  frequency  decreases  in  the  MHz  range  below  a  freezing  temperature  T y— 40  K.  ©  1996 
American  Institute  of  Physics.  [S002 1-8979(96)41408-6] 


I.  INTRODUCTION 

Among  the  transition  metal  oxides  (TMOs),  the  antifer¬ 
romagnetic  (AF)  NiO  and  its  charge-doped  derivates 
Nij  -  jLi^O  play  a  key  role  in  the  studies  of  the  correlated  3 d 
electron  systems.1,2  For  NiO  it  seems  possible  to  assess  that 
the  holes  compensating  the  Li+  impurity  charge  are  of 
0(2 p)  character,  with  strong  AF  exchange  interaction  with 
localized  Ni2+  (5=1)  d  electrons.  On  the  basis  of  general 
aspects  of  t-J  models  and  by  extending  the  findings  in  other 
TMOs,  the  holes  are  expected  to  itinerate,  although  the  im¬ 
purity  potential  due  to  Li+  tends  to  bind  them  in  localized 
states 2  In  strongly  doped  compounds,  *5*0.3,  a  sizeable  dis¬ 
tortion  of  the  pseudocubic  cell  occurs  and  Li  and  Ni  ions 
partially  order  on  alternate  layers  normal  to  the  (111)  direc¬ 
tions.  The  stoichiometric  LiNi02  (thermodynamically  un¬ 
stable),  with  well  separated  layers  of  Ni3+  5=  1/2  on  a  trian¬ 
gular  lattice,  has  been  considered  a  model  system  for 
frustrated  AF.3 

In  this  article,  we  report  some  results  of  a  study  carried 
out  in  Nq.^Li^O  by  means  of  pulsed  7Li  NMR.  The  NMR 
spectra  convey  information  on  the  magnetic  field  |hAF|  at  the 
Lithium  site  and  on  the  sublattice  magnetization  </x)Ni  (av¬ 
erage  along  the  local  quantization  axis).  The  7Li  relaxation 
rates  W,  due  to  the  time  dependent  transverse  components  of 
the  fluctuating  part  of  the  field,  yield  the  hopping  frequencies 
of  the  holes,  the  energy  gap  between  localized  and  itinerant 
states,  as  it  has  been  shown  in  Cu^Li^O.4  In  the  disordered 
magnetic  systems  (0.25^*^ 0.46)  the  relaxation  rates  probe 
the  cooperative  freezing  of  the  magnetic  moments.  A  charac¬ 
teristic  spin-fluctuation  frequency  is  measured,  leading  to  the 
activation  energy  Eeff  and  to  the  freezing  temperature  Tf  be¬ 
low  which  a  spin-glass-like  phase  is  present. 

II.  EXPERIMENTAL  RESULTS 

The  compounds  have  been  prepared  by  the  reactive  sys¬ 
tem  Ni0/Li2C03  heated  up  to  800  °C  and  annealed  in 


alumina.5  X-ray  diffraction  indicates  a  lattice  parameter  of 
the  pseudo-cubic  cell  which  decreases  almost  linearly  with  *, 
up  to  x— 0.2.  For  *5*0.3  the  quasi-cubic  structure  is  lost 
and  the  expected  sequence  of  Li  and  Ni  layers  with  interca¬ 
lated  close  packed  oxygen  layers  is  observed.  Standard  NMR 
techniques  have  been  used  for 7 Li  spectra  and  to  measure  the 
relaxation  times  Tx  from  the  echo  signals.4  In  the  AF  phases, 
the  shape  of  the  7 Li  line  is  controlled  by  the  powder  distri¬ 
bution  of  the  field  at  the  Li  site  of  dipolar  origin.  The  line 
width  is  2y  |hAF|,  thus  yielding  the  temperature  dependence 
of  the  AF  field  (see  Fig.  1).  The  transferred  hyperfine  field 
XiA( S(/))  causes  a  shift  K.  In  nominally  LiNi02,  the  hyper¬ 
fine  field  A  has  been  estimated  to  be  equal  350  G/jU#.6  It 
should  be  stressed  that  for  AF  cubic  symmetry  of  Ni2+  ions 
around  the  reference  7Li  nucleus,  one  has  hAF= 0  and  X=  0. 


FIG.  1.  Temperature  dependence  of  the  AF  field  |Aaf|  at  the  Li  site  for 
jt  =  0.05(D),  x  =  0.1(#),  and  x= 0.2(A).  The  solid  line  shows  the  best  fit 
behavior  according  to  the  MFA  law  hAF<*(TN-T)P,  with  /3=0.5.  It  is  noted 
that  the  extrapolated  value  of  the  field  /*AF(T— >0)  equals  800  G  for  x  =  0.05 
and  1400  G  for*  =  0.1.  In  the  inset  the  Neel  temperatures  TN(x),  as  obtained 
from  the  extrapolation  of  the  line  width  and  from  the  concurrent  peaks  in  the 
relaxation  rate  (see  text)  are  shown. 
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III.  ANALYSIS  OF  THE  RESULTS  AND  SUMMARIZING 
REMARKS 


FIG.  2.  7Li  relaxation  rate  as  a  function  of  temperature  in  Ni09Li0  IO.  The 
Neel  temperature  (Fig.  1)  is  shown.  The  curve  (a)  is  the  theoretical  behavior 
for  the  contribution  due  to  hole  diffusion  [Eq.  (2)  in  the  text]  and  it  corre¬ 
sponds  to  Eg— 3000  K  and  r0~2X10_13  srad-1.  Curve  (b)  shows  the  be¬ 
havior  expected  from  the  freezing  of  the  spin  fluctuations  for  localized  mag¬ 
netic  moments  superimposed  to  the  AF  matrix.  The  dotted  line  below  TN  is 
the  sketchy  behavior  of  W  from  two-magnons  relaxation  in  conventional 
AFs  (approximately  of  the  form  W^T3). 


The  static  and  the  dynamical  effects  of  the  quadrupole 
interaction  on  the  7Li  Zeeman  levels  can  be  neglected4  and 
the  relaxation  process  is  driven  by  the  time  dependent  part  of 
the  electron  nucleus  Hamiltonian.  One  has 

1  J1  f 

—  =  2W=y  J  (h+(0)h-(t))exp[-i(oLt]dt,  (1) 

where  h  +  are  the  transverse  components  of  the  effective  field 
h(0  at  the  Li  site.  The  time  dependence  of  h  is  due  either  to 
the  diffusion  of  the  extra  hole  that  locally  destroys  the  AF 
order  or  to  the  fluctuations  of  localized  magnetic  moments 
(e.g.,  Ni3+)  anomalous  with  respect  to  the  AF  matrix.4  The 
typical  behavior  of  the  ?Li  relaxation  rate  observed  for 
x^0.2,  is  shown  in  Fig.  2.  The  behavior  of  W  in  quasisto- 
ichiometric  LiNi02  (*  =  0.46)  (Fig.  3)  is  analogous  to  the 
one  in  disordered  magnets,  with  the  progressive  increase  of 
W  on  cooling,  indicating  freezing  of  spin  fluctuations. 


FIG.  3.  7Li  2W  in  U092Ni108O2  (the  sample  closest  to  the  fully  stoichio¬ 
metric  LiNi02).  The  solid  line  corresponds  to  the  best  fit  of  the  data  accord¬ 
ing  to  a  law  of  the  form  2  W«rSF/(T|F+ci>£),  for  rSF=F0  exp[— Eeff/T],  with 
£eff=  84  K  and  F0~109  rad  s~\  coL=  yH0,  with  H0  =  1.1  T. 


For  0.2  the  Neel  temperature  decreases  (Fig.  1),  with 
initial  suppression  rate  B~  -  [TN(0)]~1(dTN(x)/dx) 
around  B  —  2.2.  This  value  is  about  two  times  larger  than  the 
one  in  Mg-doped  NiO.7  The  difference  is  likely  to  be  due  to 
the  fact  that  while  for  Mg  the  spin  vacancy  is  localized,  the 
somewhat  equivalent  magnetic  polaron  associated  to  the  ex¬ 
tra  hole  is  itinerant  in  Li-doped  NiO.  It  is  noted  that  in  both 
cases  one  has  a  practically  linear  decrease  of  TN  on  increas¬ 
ing  x,  for  x^0.2.  The  onset  of  the  order  parameter,  the  sub¬ 
lattice  magnetization  (yu)N {  to  which  hA¥  is  proportional,  is 
qualitatively  consistent  with  a  critical  exponent  f3—  0.5.  The 
absolute  value  of  hAF  for  0  is  x  dependent,  since  break¬ 
ing  of  the  AF  symmetry  is  required  to  have  hA¥J=  0  (see 
caption  to  Fig.  1). 

The  behavior  of  7Li  W  (Fig.  2)  for  T^TN  can  be  justi¬ 
fied  by  considering  that  the  AF  symmetry  of  the  critical  fluc¬ 
tuations  is  broken  by  one  or  more  Li+ -induced  spin  vacancy. 
Thus  transverse  components  h±  [see  Eq.  (1)]  are  generated 
and  instead  of  an  antidivergence  of  W,  as  detected  for  AF 
symmetry,8  on  has  W  diverging  for  T^TA.  The  absolute 
value  of  W  is  consistent  with  the  slowing  down  of  dipolar 
field  fluctuations  driven  by  the  exchange  Heisenberg  fre¬ 
quency  6)exch=[Jr28z5,(5+l)/3]1/2/ft,  by  using  for  the  ex¬ 
change  constants  the  values  /1  =  —  34  K  (for  the  nearest 
neighbors,  z~  12)  and  J2  =  202  K  for  the  next  nearest 
neighbors.9 

In  the  AF  phase  [region  (a)  in  Fig.  2],  instead  of  the 
two-magnons  relaxation  mechanism,  a  contribution  to  W  ap¬ 
proximately  of  the  form 


W=  y2C2x 


(2) 


and  due  to  the  diffusion  of  the  holes,4  is  detected.  C  is  of  the 
order  of  the  dipolar  field  induced  at  the  Li  site  when  the  hole 
locally  anneals  the  AF  spin  configuration.  rh  is  the  mean 
time  interval  between  consecutive  passages  of  the  holes  and 
it  is  written  rh=r0lnh ,  nh  =  x  exp[ -Eg/T]  being  the  frac¬ 
tion  of  the  mobile  holes,  with  Eg  gap  between  itinerant  and 
localized  states. 

At  lower  temperatures  [region  (b)  in  Fig.  2]  the  hole  is 
localized  and  a  relaxation  driven  by  the  spin  fluctuations  of 
extra  magnetic  moments  (Ni3+  and  the  related  spin  texture  in 
the  AF  background)  occurs.  One  can  write 
W-  DrSF/(rj¥+(o2L)  where  D  is  a  constant  depending  on  the 
hole  concentration  and  on  the  dipolar  field  and  TSF  a  charac¬ 
teristic  spin  fluctuation  frequency. 

From  the  analysis  of  the  results  along  the  lines  outlined 
above,  one  can  extract  quantitative  information,  that  we  sum¬ 
marize  in  the  following.  From  W  in  the  region  (a)  of  Fig.  2 
one  derives  £g^4000  K  for  x  =  0.05  (results  not  reported) 
and  Eg  ~  3000  K  for  x  =  0.1.  Tm= 285  K  corresponds  to  the 
temperature  at  which  the  hopping  frequency  t^1  is  about 
18  MHz  (27 r)  and  can  be  considered  as  freezing  tem¬ 
perature  for  charge  fluctuations.  The  values  for  Eg  are  close 
to  the  ones  estimated  for  the  hopping  of  the  polarons  from 
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resistivity  and/or  dielectric  data.10  While  for  isolated  po- 
larons  the  barrier  is  almost  1  eV,  it  decreases  with  increasing 
x. 

For  T<Tm  the  extra  magnetic  moments  related  to  Ni3+ 
ions  act  like  magnetic  impurities  in  driving  a  strong  relax¬ 
ation  mechanism.  One  can  extract  the  barrier  for  the  coop¬ 
erative  freezing:  EA~  100  K  for  x= 0.01  and  EA~ 300  K  for 
x  =  0.05  (results  not  reported).  It  should  be  remarked  that  the 
divergence  of  the  relaxation  rate  appears  to  shift  towards 
higher  temperatures  on  increasing  the  magnetic  field.  Thus 
the  increase  of  77 1  in  the  region  b)  of  Fig.  2  is  likely  to 
reflect  a  field-induced  paramagnetic-like  behavior  in  the 
Ni2+  AF  with  random  Ni3+  ions. 

In  mixed  systems  (0.3^x^0.5)  the  relaxation  process  is 
a  complicated  one,  in  view  of  nonequivalent  Li  sites  and  of 
the  disordered  character  of  the  planes  with  Ni2+  and  Ni3H“ 
ions.3  7Li  W's  indicate  relaxation  mechanism  and  spin  dy¬ 
namics  similar  to  the  ones  in  spin  glass  and/or  superpara- 
magnetic  domains  systems.  The  results  are  rather  well  fitted 
by  a  temperature  activated  effective  frequency,  with  barrier 
£’eff=:84  K,  implying  spin  fluctuation  frequencies  in  the  MHz 
range  below  7^—40  K.  Consistency  with  the  occurrence  of  a 


frozen  spin  state,  as  inferred  from  neutron  diffuse 
scattering,11  is  thus  found. 
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Temperature-dependent  (10-300  K)  field-cooled  (FC)  and  zero-field-cooled  (ZFC)  susceptibilities, 
and  89Y  NMR  spectra  and  relaxation  in  Y^Ca^VOj  with  0^x^0.9  are  reported.  In  the 
paramagnetic  phase  (PA)  of  YV03  and  for  7>120  K  the  susceptibility  x  ™  of  antiferromagnetic 
(AF)  type,  with  no  field  dependence.  Around  the  Neel  temperature  7^  =  113  d:  1  K  a  field-dependent 
ferromagnetic  behavior  is  observed  under  FC  condition.  Below  Tffi—77  K  (AF  phase  with  AF 
interplane  coupling)  strong  difference  is  present  between  FC  and  ZFC  *’s.  For  T-^T{^)+  the  89 Y 
NMR  line  shows  marked  broadening  and  no  measurable  shift,  consistent  with  a  dominant  dipolar 
contribution  in  the  nucleus— electrons  interaction.  The  89Y  relaxation  rate  T^1,  related  to  the 
correlated  spin  dynamics  of  V3+  S(f),  seems  to  indicate  that  the  interplane  ferromagnetic  symmetry 
of  the  spin  fluctuations  is  quenched  in  strong  fields.  The  peculiar  findings  for  *  and  Tx  could  result 
from  a  field-dependent  weak  ferromagnetism  of  Dzyaloshinsky-Moriya  character.  In  Y x  -^Ca^VC^, 

*  and  771  decrease  on  increasing  jc,  still  preserving  the  qualitative  behavior  as  for  x=0.  For  x^0.6 
(Ca  concentration  which  drives  the  transition  to  the  metallic  phase)  the  marks  of  the  PA-AF 
transition  are  practically  suppressed  and  behaviors  characteristic  of  correlated  metals  are  observed. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)00708-9] 


I.  INTRODUCTION 

The  magnetic  properties  of  highly  correlated  ^/-electron 
systems  are  presently  of  great  interest,  high-temperature  su¬ 
perconductivity  having  recalled  attention  towards  the 
insulator-metal  (IM)  transitions  driven  by  carrier  doping. 
YV03  is  a  typical  Mott-Hubbard  antiferromagnetic  (AF)  in¬ 
sulator,  with  V3+3d2S  =  l  magnetic  ions.  As  recently  ob¬ 
served  by  neutron  scattering,1  YV03  undergoes  a  second- 
order  phase  transition  (7^—114  K)  to  an  AF  phase,  with 
intraplane  AF  order  and  interplane  ferromagnetic  (FE)  order 
(C  type).  A  first-order  phase  transition  at  7^—77  K  leads 
the  system  to  a  G-type  phase,  with  AF  order  also  among 
planes.  Y3+  ions  can  be  substituted  by  Ca2+  and  for  x— ft  in 
Y1_;cCaxV03  the  nominal  valence  of  vanadium  is  4+(3 dl). 
Resistivity  measurements  and  optical  spectra2  have  shown 
that,  for  xc— 0.5,  a  hole-doped-induced  IM  transition  occurs. 

In  this  article  the  main  results  of  a  study  carried  out  by 
means  of  magnetic  susceptibility  x  an^  89Y  NMR  and  Tx 
relaxation  measurements  are  presented,  x  has  been  studied 
from  *=0  up  to  x=0.9,  under  field-cooled  (FC)  and  zero- 
field-cooled  (ZFC)  conditions.  As  regards  NMR,  51V  spectra 
in  the  AF  phase  of  YV03  have  been  reported,  while  for 
x<0.6  51V  Knight  shift  and  Ti  support  the  picture  of  a  me¬ 
tallic  phase.3  A  51V  NMR  study  has  been  carried  out  in 
La1__JCSr;cV03.4  No  89Y  NMR  investigations  seem  to  have 
been  performed.  89Y  is  an  attractive  probe  to  study  magnetic 
properties  and  the  correlated  V3+  spin  dynamics:  the  absence 
of  quadrupole  interaction  (7=1/2)  and  the  lattice  position 
makes  this  nucleus  sensitive  to  the  symmetry  of  the  inter¬ 
plane  spin  correlations  and  to  the  wave  vector  of  the  critical 
fluctuations. 


II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  samples  were  prepared  by  heating  at  1200  °C  in 
Ar-H  atmosphere  the  stoichiometric  mixture  of  Y203,  V205, 
and  CaC03 .  X-ray  diffraction  indicated  single  phase  samples 
over  all  the  composition  range.  At  T— 300  K  the  resistivity 
was  observed  to  decrease  from  6X103  ft  cm  in  YV03  to 
about  2X  10~3  ft  cm  for  x— 0.6,  in  agreement  with  previous 
results.2  The  dc  magnetic  measurements  were  made  with  a 
superconducting  quantum  interference  device  (SQUID). 

In  pure  YV03  [see  Fig.  1(a)],  from  the  peak  in  the  ZFC 
X  in  77=0.1  T  one  derives  T^  =  113±  1  K,  in  agreement  with 
the  estimate  from  Y  NMR  in  a  field  of  5.9  T  (see  below).  The 
FC  susceptibility  around  TN  in  a  field  of  0.1  T  is  about  three 
times  larger  than  in  0.5  T,  an  indication  of  anomalous  satu¬ 
ration  or  of  field-induced  diamagnetic  contribution  causing 
an  apparent  decrease  of  the  paramagnetic  x *  Figure  1(b) 
shows  how  the  FC  temperature  behavior  of  x  f°r  77=0.5  T  in 
Y1_xCaxV03  changes  in  crossing  the  IM  transition.  For 
x=0.6  the  ferromagneticlike  term  around  7^  is  almost  sup¬ 
pressed.  Below  7"— 50  K  Curie-like  terms  seem  present,  pos¬ 
sibly  due  to  isolated  magnetic  defects,  or  double-exchange 
(y3+_V4+)  effects.5  For  x=0.9  and  high  temperatures  one 
derives  a  Pauli-like  susceptibility  Xp~2. 5X10-3  cm3/mol, 
larger  than  Xp~  1X10~3  cm3/mol  for  x=0.6,  indicating  a 
possible  presence  oxygen  deficiencies.  CaV03,  in  fact,  was 
shown  to  become  insulating  by  annealing  the  sample  in  air.6 

The  89Y  NMR  relaxation  rates  (770=5.9  T,  Fig.  2)  are 
related  to  the  time  dependence  of  the  hyperfine  field  h (t)  at 
the  Y  site: 


7’,1  =  lr2[7+(»t)+^-(»i)].  (0 
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FIG.  1.  (a)  Field-dependent  susceptibility  in  YV03  as  a  function  of  temperature.  The  arrows  evidence  the  thermal  hysteresis  observed  below  the  transition 
temperature  K,  in  the  AF-AF  phase  (see  text).  The  divergence  for  FC  in  0.1  T  is  qualitatively  of  the  form  predicted  for  Dzyaloshinsky-Moriya 

interaction.8  (b)  FC  magnetic  moment,  in  H= 0.5  T,  as  a  function  of  temperature  in  Yj-jCa^VC^  for  x =0.1  (O  and  •),  x~0.2  (□  and  ■),  x=0.3  (<>  and  ♦  ), 
jc=0.4  (A  and  A),  and  x—0.6  (x)  [where  no  thermal  hysteresis  was  observed].  For  x=£0.4  differences  between  the  values  at  tf0=0.1  and  0.5  T  similar  to  the 
ones  in  pure  YV03  are  observed. 


where  Ja= f{ha(0)h*(t))e  l0itdt  ( a=x±iy,z )  are  the 
spectral  densities  while 

h=Y  — ■AiS,+5;(iyS,)r1,  (2) 

where  At=  yeh/d2  +  Cfy  and  B i  =  'hyehld\.  C  is  the  trans¬ 
ferred  scalar  interaction  and  dt  the  distance  of  the  Y  nucleus 
from  the  i-th  V  ion.  On  approaching  a  marked  increase 
in  the  linewidth  is  observed.  The  lack  of  measurable  shift 
implies  that  C  in  Eq.  (2)  is  negligible,  the  dipolar  terms  A 
and  B  in  powdered  samples  practically  causing  a  broadening 
proportional  to  (S)~Xa^o  anc*  thus  tracking  the  atomic  sus¬ 
ceptibility.  For  x^0.5,  the  temperature  behavior  of  TyX  is 
similar  to  the  one  for  x=0,  with  decrease  of  the  peak  around 

7<1) 

1N  • 

The  peculiar  magnetic  properties  pointed  out  in  rare- 
earth  (RE)  vanadates,4,7  are  evidenced  for  YV03  in  the  data 
for  *  [see  Fig.  1(a)].  While  for  7^130  K  one  has  a  Curie- 
Weiss  field-independent  susceptibility,  below  TNX  depends 
on  the  cooling  conditions  in  a  way  similar  to  the  one  in 
LaV03,4,7  attributed  to  canted  spin  configuration  and/or  fer¬ 
romagnetism.  An  effect  characteristic  of  YV03  is  the 
ferromagnetic-type  FC  divergence  for  T—  T$\  possibly  due 
to  a  Dzyaloshinsky-Moriya  interaction  D-S^XS^.  In  this 
case,  in  fact,  the  susceptibility  in  a  polycrystalline  sample, 
namely  ^=(2/3)^±  +  (l/3)^n,  near  TN  deviates  from  the 
Curie- Weiss  law.  The  susceptibility  perpendicular  to  the 
easy  axis  displays  a  divergence  of  the  form8  Aia(^ 
—  T0)/(T -  Tn)  with  T0  =  JzS(S+  1)/3Kb  ,  J  exchange  cou¬ 
pling  constant  and  z  number  of  nearest  neighbors.  TN  be¬ 
comes  TN=T0[1+(D/J)2]m.  Tn  is  slightly  affected  by 


charge  doping,  up  to  x=0A  (where  TN  is  around  100  K).  In 
the  metallic  phase  the  Pauli-like  part  of  x  is  almost  an  order 
of  magnitude  larger  than  in  other  vanadates  and  for  or 
x=0.9,  in  particular,  it  appears  field  dependent.  An  interpre¬ 
tation  of  these  peculiarities  has  to  be  delayed  after  a  com¬ 
plete  phase  diagram  for  samples  close  to  CaV03  is  available. 

The  89Y  relaxation  rates  [see  Eq.  (1)]  can  be  related  to 
the  correlated  spin  dynamics  through  the  collective  spin 
components  Sq  and  the  decay  rate  Tq  of  the  normal  excita¬ 
tions.  For  localized  moments  and  for  fast  spin  fluctuations 
(Tq>y//0)  one  can  write 

Til  =  y2^  H2q\sq\2/rq,  (3) 

q 

where  H 2  results  from  the  Fourier  transform  of  the  factors  A 
and  B  in  Eq.  (2). 

For  T>Tn  the  correlation  functions  are  ^-independent 
and  Eq.  (3)  can  be  written  77 1  ~  \n  y2/^/coexch ,  where 
h2e  =  (h2x  +  h2)  comes  from  the  dipolar  field  at  the  Y  site, 
=8  is  the  number  of  ft. ft.  ions  (for  which  a  common  dis¬ 
tance  d—33  A  will  be  assumed),  and  a)exch  is  the  exchange 
frequency.  Fpr  he— 3X103  G  (for  /ul=  1.6  jiB)1  and  u>exch=[ 
kS(S+  l)VKBTNm^6XlOu  rads”1,  one  obtains  77^12 
s'1.  The  experimental  data  at  T— 300  K  is  likely  to  reflect  a 
certain  degree  of  AF  correlation,  which  is  expected  to  de¬ 
crease  the  relaxation  rate.  In  fact,  to  analyze  77 1  vs  T  the 
complete  # -dependence  should  be  used.  In  particular,  7/q 
strongly  depends  on  the  symmetry  of  the  critical  fluctuations. 
Here  we  only  emphasize  the  following.  For  symmetry  corre¬ 
sponding  to  the  AF-AF  phase  one  would  have  J/af-af=0 
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FIG.  2.  (a)  89Y  NMR  relaxation  rate  T\  1  as  a  function  of  temperature,  in  YV03  (O)  and  in  Y04CaQ6VO3  (M),  in  Hq— 5.9  T.  In  the  inset  the  temperature 
behavior  of  (Tjy'  for  x=0.6  is  reported,  with  the  solid  line  as  a  guide  for  the  eye.  (b)  89Y  spin-spin  relaxation  rate,  from  the  decay  of  the  echo  signal,  as 
a  function  of  temperature  in  pure  YV03.  The  decay  of  the  echo  amplitude  is  described  by  a  Gaussian  law  for  73*150  K,  while  it  turns  to  a  Lorentzian  form 
for  temperature  around  In  the  inset  the  width  A  of  the  89Y  NMR  line,  in  the  paramagnetic  phase,  is  shown.  No  temperature-dependent  shift  is  detected. 


and  on  approaching  T$)+  from  above  the  relaxation  rate 
would  decrease.9  On  the  contrary,  in  correspondence  to  the 
interplane  FE  symmetry  H\ f„fe  in  Eq.  (3)  is  different  from 
zero  and  one  should  observe  a  divergent  behavior  of  77 1 
around  TN .  The  lack  of  a  marked  divergence  in  77 1  indicates 
that  a  strong  field  quenches  the  ferromagnetic  correlations  in 
the  spin  fluctuations  that  is  somewhat  consistent  with  the 
finding  for  x  in  0.5  [see  Fig.  1(a)].  In  the  ordered  phase,  for 
AF-FE  configuration,  from  a  lattice  sum  of  the  dipolar  terms 
the  field  at  the  Y  site  is  evaluated  in  the  form  hAF_FE 
=  1 .9SX “  1 .6Sy  —  0.23  Y,  (k G/julb),  Sa  being  the  components 
of  a  given  V3*  spin  with  respect  to  the  crystalline  axes.  The 
random  orientation  of  with  respect  to  H0  causes 

broadening  of  the  89Y  NMR  line  over  more  than  one  MHz. 
The  experimental  detection  of  such  a  broadening  (results  not 
reported)  confirms  that  the  intermediate  phase  is  of  C  type. 

In  Y04Ca06VO3,  just  above  the  carrier  concentration 
driving  the  IM  transition,  T j"1  is  practically  constant  down  to 
130  K  and  then  it  decreases.  In  free-electron  metals  one 
should  have  77  l*XpT<*p2(EF)  t  Ip(ef)  density  of  states  at 
Fermi  level]  and  absolute  value  decreased  with  respect  to  the 
one  for  localized  spins.  These  conditions  are  not  verified  for 
jc =0.6:  the  Korringa  relation  is  not  obeyed  and  {TXT)~X 
shows  a  maximum  at  F*-130  K  [see  inset  in  Fig.  2(a)]. 
These  findings  indicate  strong  magnetic  correlations  among 
carriers,  a  situation  reminiscent  of  the  one  in  superconduct¬ 
ing  cuprates,10  where  J*  is  often  considered  the  mark  of  a 
spin  pseudo-gap  opening.  In  the  sample  at  *=0.9,  89 Y  Tx  1 
has  been  found  to  decrease  and,  according  to  the  51 V  NMR 
data,3  the  Korringa  relation  is  obeyed.  However,  the  role  of 
the  oxygen  stoichiometry  for  *— 1  has  to  be  clarified. 


By  summarizing,  our  susceptibility  measurements  point 
out  peculiar  magnetic  properties  of  yttrium  vanadates.  In  par¬ 
ticular,  a  divergence  (of  ferromagnetic  type)  in  FC  x  is  ob- 
served  around  TN,  possibly  due  to  Dzyaloshinsky-Moriya 
interaction.  The  divergence  is  suppressed  by  increasing  the 
field.  89Y  NMR  yields  valuable  information  on  the  AF’s 
fields  and  on  the  symmetry  of  the  critical  fluctuations.  Again, 
an  effect  of  the  external  field  in  quenching  the  spin  fluctua¬ 
tions  of  FE  symmetry  appears  to  occur.  In  Y1_xCaxV03  for 
*=0.6,  in  the  metallic  state,  both  susceptibility  and  Tx  mea¬ 
surements  indicate  the  persistence  of  strong  magnetic  corre¬ 
lations  among  carriers. 
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The  amorphous  phases  of  Cr5(InTe4)3  and  Fe5(InTe4)3  have  been  prepared  via  the  precipitation 
reaction  of  the  Zintl  polyanion  InTe4  5  with  Cr3+  and  Fe3+  in  aqueous  solution,  respectively.  Their 
magnetic  and  conducting  properties  have  been  examined  as  a  function  of  temperature.  The 
high-temperature  susceptibility  of  Cr5(InTe4)3  follows  the  Curie -Weiss  law  with  #=—30.2  K  and 
C-  1.65  emu/mole  Cr  atom.  Cr5(InTe4)3  has  a  conductivity  of  1.07X10-3  fl-1  cm-1  at  300  K  and 
is  a  semiconductor  with  Ea  =  0.20  eV.  Fe5(InTe4)3  exhibits  relatively  high  conductivity  due  to  partial 
delocalization  of  electrons.  Its  conductivity  is  7.41  Q_1  cm-1  at  300  K,  and  shows  little  temperature 
dependence.  Fe5(InTe4)3  obeys  the  Curie-Weiss  law  at  high  temperatures  with  #=-26.3  K  and 
C=  1.60  emu/mole  Fe  atom,  and  undergoes  a  transition  to  a  spin  glass  state  at  6.0  K.  The  spin  glass 
state  has  been  characterized  by  an  analysis  of  the  field  and  temperature  dependence  of  the  thermal 
remanent  magnetization  and  isothermal  remanent  magnetization.  The  hysteresis  loops  measured  at 
2.0  K  under  field-cooling  and  zero-field-cooling  conditions  reveal  the  presence  of  a  small 
unidirectional  exchange  interaction.  ©  1996  American  Institute  of  Physics. 

[S002 1-8979(96)05708-8] 


I.  INTRODUCTION 

In  previous  communications,  we  described  the  synthesis 
and  characterization  of  a  series  of  ternary  metal  chalcogens 
of  the  formula  M5(InTe4)2,  where  M  is  a  transition  metal.1,2 
The  preparation  of  the  ternary  metal  chalcogens  involves  a 
metathesis  reaction  between  a  Zintl  phase  material  (K5InTe4) 
and  a  divalent  transition  metal  chloride.  The  Zintl  phase  of 
matter  can  be  described  as  a  polar  metallic  alloy  in  which  the 
bonds  have  a  substantial  amount  of  ionic  character  due  to  the 
large  difference  in  electronegativity  of  the  metals  or  metal¬ 
loids.  The  ionic  character  of  the  Zintl  phase,  i.e.,  K5InTe4  in 
this  case,  allows  for  the  solvation  of  saltlike  ions  (InTe4  5)  in 
polar  solvents  such  as  water.  In  the  presence  of  a  metal  cat¬ 
ion  of  sufficient  electron  affinity,  an  insoluble  intermetallic 
solid  forms  due  to  the  transfer  of  electrons  from  the  active 
poly  anion  (InTe4  5)  to  the  transition  metal.  The  rapid  precipi¬ 
tation  between  the  polyanion  and  the  transition  metal  often 
results  in  an  amorphous  product. 

These  ternary  metal  chalcogens  display  a  variety  of  in¬ 
teresting  magnetic  and  electronic  conducting  properties.  For 
instance,  Fe5(InTe4)2  undergoes  double  magnetic  transitions: 
a  transition  from  paramagnetic  to  weak  ferromagnetic  at  32 
K,  and  a  second  transition  to  a  spin  glass  state  at  13  K.1  It 
was  also  observed  that  the  magnetic  and  conducting  proper¬ 
ties  in  this  series  of  intermetallic  materials  are  correlated 
with  the  ability  of  the  precursor  transition  metal  cations  to  be 
reduced  by  the  Zintl  polyanion.2  To  continue  the  search  for 
the  novel  magnetic  materials,  we  have  extended  our  study  to 
include  tri valent  transition  metals  and  rare-earth  metals.  In 
this  paper,  we  report  the  synthesis  of  two  new  amorphous 
phases,  Fe5(InTe4)3  and  Cr5(InTe4)3,  and  a  study  of  their 
electronic  conducting  and  magnetic  propertied,  in  particular, 
the  spin  glass  behavior  in  Fe5(InTe4)3  through  measurements 
of  ac  and  dc  susceptibility  and  time-dependent  magnetization 
effects. 


II.  EXPERIMENTAL  DETAILS 

The  Zintl  phase  material,  K5InTe4,  was  prepared  using  a 
solid-state  reaction  and  purified  in  an  argon  filled  glovebox 
as  described  previously.1  Cr5(InTe4)3  and  Fe5(InTe4)3  were 
prepared  by  the  reaction  of  K5InTe4  with  FeCl3  and  CrCl3  in 
degassed  water  at  ambient  temperature.  In  a  typical  prepara¬ 
tion,  a  30  mL  solution  of  0.05  M  K5InTe4  was  slowly  added 
to  a  25  mL  solution  of  0. 1  M  FeCl3  or  CrCl3  while  stirring.  A 
fine  black  precipitate  was  immediately  formed,  separated  by 
suction  filtration,  washed  with  water  and  acetone,  and  dried 
under  vacuum.  The  product  was  recovered  with  percent  yield 
greater  than  95%.  Both  solids  are  amorphous  in  structure  as 
confirmed  by  their  x-ray  diffraction  (XRD)  patterns  obtained 
with  a  XDS  2000  Scintag  diffractometer. 

Resistivity  was  measured  on  pressed  pellets  over  the 
temperature  range  100-300  K  using  the  four-probe  van  der 
Pauw  technique.3  Magnetic  measurements  were  performed 
on  a  Quantum  Design  MPMS-5S  SQUID  susceptometer.  The 
temperature  dependence  of  the  dc  susceptibility  (M/H)  was 
measured  at  a  fixed  field  of  1  kG  using  the  temperature 
cycling,  following  the  usual  zero-field  cooling  (ZFC)  and 
field-cooling  (FC)  procedures.  For  Fe5(InTe4)3,  the  thermal 
remanent  magnetization  (TRM),  isothermal  remanent  mag¬ 
netization  (IRM),  and  hysteresis  loop  were  measured.  In  the 
TRM  measurement,  the  specimen  was  cooled  in  an  applied 
magnetic  field  to  temperatures  below  the  spin  glass  freezing 
temperature,  then  the  field  was  switched  off,  and  the  rema¬ 
nent  magnetization  was  measured.  In  the  IRM  measurement 
on  the  other  hand,  the  specimen  was  cooled  in  a  zero  field  to 
temperatures  below  the  spin  glass  freezing  temperature,  ex¬ 
posed  to  an  applied  field  for  a  certain  time,  and  then  the 
applied  field  was  quenched  and  the  remanent  magnetization 
was  measured. 
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FIG.  1 .  The  temperature  dependence,  of  ac  susceptibility  as  determined  at  25 
MHz  for  Fe5(InTe4)3 . 


FIG.  2.  The  temperature  dependence  of  dc  susceptibilities  as  measured  at 
1.0  kG  for  Fe5(InTe4)3. 


111.  RESULTS  AND  DISCUSSION 

The  conductivity  (a)  for  Fe5(InTe4)3  is  only  slightly  af¬ 
fected  by  temperature  and,  for  example,  a  is  7.41  1  cm  1 

at  300  K  and  2.92  ft"1  cm-1  at  100  K.  For  Cr5(InTe4)3,  a  is 
1.07X10"3  ft"1  cm"1  at  300  K  and  highly  temperature  de¬ 
pendent.  A  least-squares  fit  of  the  linear  portion  in  a  plot  of 
log  or  vs  l/T  to  the  relationship  a-  C  exp(—EalkBT), 
where  cr  is  specific  conductivity,  gives  an  activation  energy 
(Ea)  of  0.20  eV. 

The  high-temperature  magnetic  data  indicate  that  both 
Cr5(InTe4)3  and  Fe5(InTe4)3  exhibit  strong  antiferromagnetic 
interactions.  A  Curie- Weiss  fit  of  the  susceptibilities  above 
100  K  for  Cr5(InTe4)3  gives  6=  -30.2  K  and  C=1.65 
emu  K/mole  Cr  atom.  A  Curie-Weiss  fit  of  the  susceptibili¬ 
ties  above  200  K  for  Fe5(InTe4)3  gives  46.3  K  and 
C=1.60  emu  K/mole  Fe  atom.  The  effective  moment  at 
room  temperature  is  3.64/%/Cr,  that  is,  close  to  the  spin-only 
value  of  3.87 /jlb  for  Cr3+.  Thus,  the  electrons  are  completely 
localized  in  Cr5(InTe4)3.  The  effective  moment  at  room  tem¬ 
perature  is  3.57/x^/Fe  significantly  lower  than  the  spin-only 
value  of  5.92 fxB  for  Fe3+,  indicating  some  degree  of  electron 
delocalization.  This  is  consistent  with  its  relatively  high  con¬ 
ductivity. 

The  susceptibility  of  Fe5(InTe4)3  deviates  gradually  from 
the  Curie-Weiss  law  with  decreasing  temperature  due  to  the 
development  of  ferromagnetic  correlations  between  the 
dominant  antiferromagnetic  clusters.  As  a  result,  the  suscep¬ 
tibilities  between  10  and  100  K  are  well  fit  to  the  Curie  law. 
The  competition  between  ferromagnetic  and  antiferromag¬ 
netic  interactions  ultimately  gives  rise  to  a  spin  glass  state  in 
Fe5(InTe4)2  at  low  temperatures.  Figure  1  shows  both  in- 
phase  and  out-of-phase  components  of  ac  susceptibility  of 
Fe5(InTe4)2  measured  at  25  Hz  and  zero  magnetic  field.  Usu¬ 
ally,  a  sharp  cusp  at  a  well-defined  temperature  called  the 
freezing  temperature  Tf  is  observed  in  ac  susceptibility  curve 
of  the  classic  spin  glasses,  i.e.,  the  first  row  transition  metals 
in  the  noble  metal  hosts.4  In  our  case,  a  round  peak  was 


observed.  The  reason  for  the  difference  might  be  that  the 
disorder  in  classic  spin  glasses  is  produced  only  by  random 
occupation  of  crystal  sites  by  transition  metal  impurities,  and 
thus  the  RKKY  interaction  among  the  magnetic  impurities  is 
solely  responsible  for  the  frustration  necessary  for  a  spin 
glass  to  exist.  However,  the  source  of  the  frustration  in  the 
amorphous  phase  under  study  is  likely  due  to  a  combination 
of  bond  disorder  and  topological  disorder.  The  extrapolation 
around  the  spin  glass  transition  gives  Tf  of  6.0  K.  From  the 
dc  susceptibility  shown  in  Fig.  2,  it  is  seen  that  the  ZFC 
curve  with  a  maxima  at  6.0  K  is  almost  identical  to  the  ac 
susceptibility  curve.  The  FC  susceptibility  does  not  reach  a 
plateau  below  Tf  as  seen  for  many  spin  glass  systems,4  but 
instead  continue  to  increase  with  decreasing  temperature.  In 
addition,  the  FC  and  ZFC  susceptibility  curves  merge  at  a 
temperature  higher  than  Tf.  These  may  imply  the  occurrence 
of  the  significant  ferromagnetic  component  in  the  solid. 

Among  the  most  diagnostic  experiments  for  the  charac¬ 
terization  of  a  spin  glass  state  is  the  analysis  of  the  field 
dependence  of  the  IRM  and  TRM.  The  field  dependence  of 
both  TRM  and  IRM  measured  at  2.0  K  is  illustrated  in  Fig.  3. 
The  hump  at  5.0  kG  in  the  TRM  curve  is  characteristic  of  a 
spin  glass  state  and  has  been  observed  in  many  systems  4 
This  TRM  maximum  is  time  dependent,  and  may  be  ex¬ 
plained  by  the  cluster  model.  According  to  the  cluster  model, 
the  spins  are  correlated  into  “magnetic  clusters”  of  different 
size  at  temperatures  well  above  the  freezing  temperature,  and 
then,  the  freezing  process  can  be  thought  of  as  resulting  from 
a  distribution  of  temperatures  at  which  the  different  magnetic 
clusters  are  no  longer  able  to  overcome  an  energy  barrier  and 
are  therefore  blocked.  Aharoni  and  Wohlfarth5  have  success¬ 
fully  interpreted  the  anomalous  TRM  maximum  using  the 
physical  idea  of  a  blocking  process  in  effective  magnetic 
clusters  in  the  cluster  model  along  with  a  time  delay  inherent 
in  the  measurement.  The  cluster  model  also  explains  the  oc¬ 
currence  of  a  round  peak  in  the  ac  curve  instead  of  a  sharp 
cusp.  Since  a  rather  sharp  cusp  is  predicted  only  if  all  the 
clusters  have  the  same  blocking  temperature.  A  distribution 
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FIG.  3.  The  field  dependence  of  the  remanent  magnetizations  for 
Fe5(InTe4)3 .  The  solid  lines  are  guides  to  the  eye. 

of  blocking  temperatures  results  from  the  distribution  of  par¬ 
ticle  size;  thus  smooths  out  the  sharp  cusp.6 

For  a  spin  glass  state  at  weak  fields,  the  TRM  measure¬ 
ments  give  large  remanence  relative  to  the  IRM,  while  at 
strong  fields  the  TRM  and  IRM  converge  to  the  same  satu¬ 
ration  remanence  as  seen  in  Fig.  3.  The  effect  seen  for  the 
TRM  is  greatly  enhanced  by  performing  the  experiment  at 
lower  temperatures,  whereas  the  IRM  is  little  affected  by  the 
temperature  as  shown  in  Fig.  4.  The  TRM  and  IRM  curves 
merge  at  a  temperature  higher  than  T f .  The  remanence  and 
irreversible  behavior  of  a  spin  glass  can  also  be  seen  in  its 


T(K) 


FIG.  4.  The  temperature  dependence  of  the  remanent  magnetizations  for 
Fe5(InTe4)3 .  The  solid  lines  are  guides  to  the  eye. 


FIG.  5.  Hysteresis  loops  of  Fe5(InTe4)3  as  cooled  to  2.0  K  (a)  at  a  zero  field 
and  (b)  at  a  field  of  5.0  kG. 

hysteresis  loop  below  the  freezing  point.  Figure  5  shows  the 
hysteresis  loops  of  magnetization  between  ±5.0  kG  obtained 
after  zero  field  cooling  and  field  cooling  to  2.0  K,  respec¬ 
tively.  For  the  zero-field-cooled  sample,  the  loop  is  rather  flat 
and  smooth.  While  for  the  field-cooled  sample  the  loop  con¬ 
sists  of  sharp  steps  due  to  the  reversal  of  the  magnetization  in 
a  very  short  time  and  at  a  very  small  oppositely  directed 
field.  The  field-cooled  loop  exhibits  a  small  displacement 
due  to  the  presence  of  a  small  unidirectional  exchange  inter¬ 
action  in  the  material. 

In  summary,  we  have  synthesized  and  characterized  the 
amorphous  Cr5(InTe4)3  and  Fe5(InTe4)3.  Cr5(InTe4)3  is  a 
semiconductor  and  exhibits  strong  antiferromagnetic  cou¬ 
plings  between  localized  moments.  Fe5(InTe4)3  exhibits 
strong  antiferromagnetic  couplings  at  high  temperatures  and 
undergoes  a  transition  to  a  spin  glass  state  at  6.0  K. 
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Order-parameter  fluctuations  in  the  frustrated  Heisenberg  model 
on  the  square  lattice 
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The  T- 0  dynamics  of  the  two-dimensional  s=  1/2  Heisenberg  model  with  competing 
nearest-neighbor  ( )  and  next-nearest-neighbor  (J2)  interactions  is  explored  via  the  recursion 
method,  specifically  the  frequency-dependent  fluctuations  of  the  order  parameters  associated  with 
some  of  the  known  or  suspected  ordering  tendencies  in  this  system,  i.e.,  Neel,  collinear,  dimer,  and 
chiral  order.  The  results  for  the  dynamic  structure  factors  of  the  respective  fluctuation  operators 
show  a  strong  indication  of  collinear  order  at  J2/J\~0.6  and  a  potential  for  dimer  order  at 
0.5^J2/J\~0.6,  whereas  the  chiral  ordering  tendency  is  observed  to  be  considerably  weaker. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)00808-5] 


The  impact  of  quantum  fluctuations  on  the  zero- 
temperature  phase  diagram  of  a  quantum  many-body  system 
tends  to  be  strongest  if  that  system  contains  competing  inter¬ 
actions.  A  particular,  sometimes  exotic  phase  may  be  stabi¬ 
lized  by  quantum  fluctuations  in  the  presence  of  interactions 
that  frustrate  each  other’s  ordering  tendencies.  The  two- 
dimensional  (2D)  Heisenberg  antiferromagnet  with  nearest- 
neighbor  (nn)  and  next-nearest-neighbor  (nnn)  coupling  on 
the  square  lattice, 

H  —  Sr.(Sr+i4-Sr+,)+72E  ®r*  (^r+x+y“^  Sr+x-y)> 

r  r 

(1) 

has  been  a  prominent  object  of  study  in  this  context.1 

The  Neel  long-range  order  (LRO)  present  in  the  ground 
state  of  the  nn  model  disappears  at  some  critical  coupling 
ratio,  J2/Ji~0A,  and  is  replaced,  at  sufficiently  large 
J2!J i ,  by  Neel  LRO  within  each  of  the  two  nnn  sublattices. 
The  latter  is  preceeded,  at  J2IJ  1^0.65,  by  collinear  LRO, 
which  breaks  the  (discrete)  rotational  symmetry  of  H  on  the 
lattice  but  not  yet  its  (continuous)  rotational  symmetry  in 
spin  space.  The  Neel  and  collinear  order  parameters  (OPs) 
are  described  by  the  operators 

(~l)x+yNr,  Oc=^Cr,  (2) 

where  Nr=Szr,  Cr=Sr- (Sr+£+Sr_£~Sr+j-Sr_.j). 

At  intermediate  coupling  ratios,  0A^J2/Ji^0.65,  the 
Neel  and  collinear  ordering  tendencies  keep  each  other  at 
bay  and  thus  make  the  frustrated  ground  state  susceptible  to 
different  kinds  of  ordering  potentialities.  Dimer  order,2,3 
twist  order,4  and  chiral  order5  have  been  proposed  in  this 
context.  The  dimer  and  chiral  OPs  considered  here  are  de¬ 
fined  by  the  following  expressions  in  terms  of  spin  operators: 

°D  =  J^  (-1  )XDr,  °X=h'2‘  Xr>  (3) 


ground-state  wave  function  |G).  Whether  any  one  of  these 
types  of  LRO  is,  in  fact,  realized,  or  whether  a  ground  state 
with  short-range  correlations  of  the  resonating-valence-bond 
type,6,7  for  example,  is  stabilized,  has  not  been  determined 
for  certain. 

The  absence  or  presence  of  a  specific  type  of  LRO  de¬ 
termines  whether  the  associated  OP  correlation  function  de¬ 
cays  to  zero  or  not.  In  the  finite-cluster  data,  the  relevant 
information  on  the  asymptotic  behavior  is  best  captured  by 
the  expectation  value  of  the  squared  OP.  The  problem  here  is 
to  find  a  meaningful  reference  point  for  any  enhancement  in 
that  quantity.3 

An  alternative  avenue  to  comparing  the  different  order¬ 
ing  tendencies  in  the  spin-frustrated  ground  state  of  (1)  is  to 
explore  the  dynamic  (i.e.,  frequency-dependent)  fluctuations 
of  any  proposed  OP.  The  recursion  method8  in  conjunction 
with  recently  developed  techniques  of  continued-fraction 
analysis9,10  is  very  suitable  for  that  purpose.  Here  the  dy¬ 
namical  information  is  derived  from  the  finite-size  ground- 
state  wave  function.  No  excited  states  have  to  be  computed. 
This  is  an  important  advantage  for  the  study  of  systems  with 
complicated  spectra  and  with  potential  OPs  that  have  widely 
varying  symmetry  properties,  as  is  the  case  here. 

We  investigate  the  fluctuations  of  the  four  OPs  defined  in 
(2)  and  (3)  as  they  manifest  themselves  in  the  dynamic  struc¬ 
ture  factors 

Wq^)=  \+_Jteia>,(F\(t)FA_J,  (4) 

where  F^  =  N~l-2Xreiq  TAr  is  the  fluctuation  operator  asso¬ 
ciated  with  a  given  OP,  and  Ar  stands  for  Nr,  Cr,  Dr,  or 
XT ,  as  defined  above. 

The  recursion  algorithm  in  the  present  context  is  based 
on  an  orthogonal  expansion  of  the  wave  function  1^(0) 
—  Fq(  — f)|(7).  It  produces  (after  some  intermediate  steps) 
a  sequence  of  continued-fraction  coefficients  Af(q), 
A2(q)*  •  •  •  for  the  relaxation  function 


where  Dr—  Sr*Sr+£,  Xr  ^r,r+x,r+x+y  ^r,r+x+y,r+y  > 

zU(k  =.  Hstsi-srsf+stsi-sist+stsr-sist). 

They  probe  the  long-range  phase  coherence  of  singlets 
stacked  in  columns  along  the  y  axis  and  the  handedness  of 
the  spin  configuration  on  a  plaquette,  respectively,  in  the 


coA(q.z) 


A?(q) 

Z+  A4(q) 
z+— ; - 


(5) 
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FIG.  1.  T=0  dynamic  structure  factor  (4)  normalized  by  its  integrated  in¬ 
tensity  for  the  Neel  fluctuation  operator  Fq  at  q=  (77,77)  of  the  Hamiltonian 
(1)  at  various  values  of  the  coupling  ratio  J2fJ 1,  obtained  via  strong¬ 
coupling  continued-fraction  reconstruction  from  the  coefficients 
A1,...,A6  and  a  Gaussian  terminator  as  explained  in  Refs.  9  and  10. 


which  is  the  Laplace  transform  of  the  symmetrized  correla- 
tion  function  lK(FA(0Flq)/(FAFlq).  The  T=  0  dynamic 
structure  factor  is  then  obtained  from  (5)  via 

^A(q,«)  =  4{F^Flq}©(ft))limEH[4A(q,e-io))],  (6) 

E  — + 0 

where(FqFlq)  =  SAA(q)  is  the  integrated  intensity.11 

All  the  results  presented  here  are  for  clusters  of 
A=4X4  sites  with  periodic  boundary  conditions.  Extreme 
care  must  be  exercised  in  separating  finite-size  effects  from 
properties  that  reflect  the  physics  of  the  infinite  system.  This 
distinction  can  be  made  with  more  confidence  for  coupling 
ratios  J2iJ\^0.1  than  at  J2/Ji>0.1 ,  where  the  gradual  de¬ 
coupling  of  the  two  nnn  sublattices  causes  a  crossover  in  the 
finite-size  effects. 

The  Neel  OP  fluctuations  are  probed  by  the  dynamic 
structure  factor  SNN(q,a) )  at  the  wave  vector  q=  (77,77). 
This  quantity  is  shown  in  Fig.  1  for  various  coupling  ratios. 
The  presence  of  Neel  LRO  at  J2/J j  =  0  implies  that 
S mv(  77)  77,  ci>)  is  governed  by  a  zero-frequency  peak.  Quan¬ 
tum  fluctuations  split  the  ground-state  level  for  finite  N.  In  a 
4X4  cluster  the  finite-size  gap  is  known  to  be  of  magnitude 
AE/Ji— 0.57. 10  The  peak  position  of  the  curve  for 
J2IJ i  =  0  must  be  interpreted  with  this  fact  in  mind. 

What  are  the  effects  of  the  nnn  coupling  on  the  Neel  OP 
fluctuations?  For  0 ^ y2  ^1  ~ 0.4,  i.e.,  over  the  estimated 
range  of  the  Neel  phase,  we  observe  only  small  changes  in 
peak  position  and  line  shape.  Then  the  Neel  OP  fluctuations 
begin  to  change  rapidly  in  two  stages: 

(i)  Over  the  range  0.4  ^  J2  fjx  ^  0.6,  the  peak  position 
moves  to  higher  frequencies  at  an  accelerated  rate,  the  line- 
width  shrinks,  and  the  integrated  intensity  (not  shown)  drops 
to  32%  of  its  value  at  J2U\  =0.  This  signals  the  presence  of 
some  non-Neel  type  ordering  tendency  which  supports  well- 
defined  Neel  modes  at  increasingly  high  frequencies. 

(ii)  At  J2IJ  1^0.6  the  linewidth  of  5^N(77,77,w)  grows 
rapidly,  while  the  peak  position  moves  further  up  and  the 
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FIG.  2.  T=0  dynamic  structure  factor  (4)  normalized  by  its  integrated  in¬ 
tensity  for  the  collinear  fluctuation  operator  Fq  at  q=(0,0)  of  the  Hamil¬ 
tonian  (1)  at  various  values  of  the  coupling  ratio  J2  !J\ ,  obtained  via  strong¬ 
coupling  continued-fraction  reconstruction  from  the  coefficients 
Aj , . ,  .  ,A6  and  a  Gaussian  terminator. 

integrated  intensity  continues  to  fade  away  quickly.  As  the 
two  nnn  sublattices  begin  to  decouple,  the  system  ceases  to 
support  well-defined  Neel  modes. 

The  dynamic  structure  factor  Scc(0,0,co),  which  de¬ 
scribes  the  collinear  OP  fluctuations,  is  shown  in  Fig.  2.  At 
J2IJ j  =  0,  we  observe  a  fairly  sharp  collinear  mode  at 
0.  As  the  Neel  ordering  tendency  weakens  with  in¬ 
creasing  J2fJ  1 ,  the  collinear  mode  shifts  to  lower  frequen¬ 
cies,  while  its  line  shape  broadens  considerably.  The  width 
reaches  a  maximum  at  J2UX  —  0.4.  Between  here  and 
i2/^i“0.55,  where  the  competing  dimer  and  chiral  ordering 
tendencies  are  at  their  peak,  the  collinear  mode  moves  to 
w  =  0,  and  the  integrated  intensity  more  than  triples  in  rela¬ 
tion  to  its  value  at  J2IJ i  =  0.  In  the  interval  0.55  ^  /2/^i 
^  0.7,  the  function  Scc(0,0,  (o)  transforms  into  a  narrow 


FIG.  3.  F=0  dynamic  structure  factor  (4)  normalized  by  its  integrated  in¬ 
tensity  for  the  dimer  fluctuation  operator  Fq  at  q=(7r,0)  of  the  Hamiltonian 
(1)  at  various  values  of  the  coupling  ratio  J2/J\,  obtained  via  strong¬ 
coupling  continued-fraction  reconstruction  from  the  coefficients 
A, , . . .  ,A6  and  a  Gaussian  terminator. 
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FIG.  4.  T=  0  dynamic  structure  factor  (4)  normalized  by  its  integrated  in¬ 
tensity  for  the  chiral  fluctuation  operator  A  J  at  q— (0,0)  of  the  Hamiltonian 
(1)  at  various  values  of  the  coupling  ratio  J2  M\  ,  obtained  via  strong¬ 
coupling  continued-fraction  reconstruction  from  the  coefficients 
Aj , .  . .  ,A6  and  a  Gaussian  terminator. 


central  peak,  and  Scc{ 0,0)  increases  by  another  factor  of 
— 1.6.  This  clearly  reflects  the  onset  of  collinear  LRO  in  the 
infinite  system. 

The  dimer  OP  fluctuations  as  described  by  the  dynamic 
structure  factor  SDD(7rfi,o))  and  shown  in  Fig.  3  resemble 
those  of  the  collinear  OP  with  respect  to  line  shape  and  peak 
position  for  as  long  as  the  Neel  ordering  tendency  is  percep¬ 
tible  in  the  ground  state  (J2fJl^0A).  Both  modes  become 
soft  and  very  broad  at  J2IJ j  — 0.55,  but  then  they  part  com¬ 
pany.  While  the  collinear  mode  has  been  observed  to  trans¬ 
form  into  a  high-intensity  narrow  central  peak,  the  dimer 
mode,  which  has  reached  its  maximum  intensity  here  (—  1.8 
times  its  value  at  J2/Jl  =  0),  broadens  further  and  loses  in¬ 
tensity  very  rapidly.  It  literally  dissolves  as  the  inter¬ 
sublattice  correlations  begin  to  weaken  at  J2IJy^0J.  Nev¬ 
ertheless,  the  softness  of  the  dimer  OP  fluctuations  at 
J2IJX  —  0.55  in  the  4X4  cluster  is  consistent  with  dimer 
LRO  in  the  infinite  system. 


The  chiral  OP  fluctuations  are  based  more  significantly 
on  intra-sublattice  correlations  than  the  dimer  OP  fluctua¬ 
tions  and,  therefore,  evolve  differently.  This  is  illustrated  in 
Fig.  4.  At  J2U  i  =  0  the  dynamic  structure  factor 
5^(0,0,o>)  exhibits  a  sharp  mode  at  ojIJx  —  3.8.  At  J2U\ 
—  0.55,  the  peak  position  has  moved  down  to  coU^— 1.6, 
while  the  linewidth  has  increased  only  slightly,  and  the  inte¬ 
grated  intensity  has  grown  to  a  maximum  value  of  —23 
times  its  value  at  J2IJl  =  0.  Then  the  peak  position  starts  to 
move  back  out  to  higher  frequencies,  the  line  shape  begins  to 
broaden,  but  less  so  compared  to  that  of  the  dimer  fluctua¬ 
tions,  and  the  integrated  intensity  drops  rapidly.  The  mini¬ 
mum  gap  of  the  chiral  mode  is  perhaps  too  large  to  be  en¬ 
tirely  attributable  to  a  finite-size  effect,  which  would  indicate 
that  the  observed  chiral  ordering  tendency  does  not  turn  into 
chiral  LRO  as  AT— °. 
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Mictomagnetism  of  e  -MnZn  alloys 
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The  6-MnZn  alloy  (disordered  hep  structure)  containing  15  at.  %  Mn  seems  to  be  ferromagnetic 
below  about  200  K;  the  magnetization  <j  in  a  field  H  of  9.5  kOe  amounts  to  26  emu/g  at  a 
temperature  T  of  4.2  K.  The  a  vs  T  curve  in  lower  H ,  however,  shows  a  maximum,  suggesting 
mictomagnetism.  This  is  verified  by  the  existence  of  a  hump  on  the  ac  susceptibility  *ac  vs  T  curve. 
The  cr  versus  concentration  curve  shows  a  maximum  at  15  at.  %  Mn.  The  *ac  vs  T  curves  for  the  12 
at.  %  Mn  alloy  show  a  cusp  at  45  K  in  addition  to  the  hump  between  80  and  180  K,  suggesting  a 
spin  glass  state.  Both  the  cusp  and  the  hump  are  suppressed  by  a  dc  magnetic  field  applied  parallel 
to  the  ac  field.  The  micromagnetic  behavior  becomes  more  pronounced  for  the  Mn  richer  alloys 
which  show  only  the  hump  in  the  *ac  vs  T  curve.  The  a  vs  T  curves  exhibit  a  magnetic  field  cooling 
effect  below  a  freezing  temperature  Tf.  The  values  of  Tf  for  the  alloys  containing  20,  30,  and  45 
at.  %  Mn  are  38,  50,  and  75  K,  respectively.  Although  the  antiferromagnetic  interaction 
predominates  in  the  Mn  rich  alloys,  a  long-range  antiferromagnetic  order  may  not  be  expected 
because  of  the  random  distribution  of  Mn  moments.  The  25  at.  %  Mn  alloy  shows  strong 
ferromagnetism,  if  the  atomic  ordering  in  the  hep  lattice  is  realized.  ©  1996  American  Institute  of 
Physics.  [S0021-8979(96)04008-l] 


I.  INTRODUCTION 

The  e  phase  (disordered  hep  structure)  in  the  Mn-Zn 
alloy  system  is  stable  at  high  temperatures  in  a  rather  wide 
composition  range  (13-55  at.  %  Mn)1  and  can  be  retained  at 
room  temperature  by  water  quenching.  A  few  decades  ago, 
the  ferromagnetism  of  this  phase  was  found  by  Nowotny 
et  al 2  The  present  authors3  have  reported  that  the  magnetic 
susceptibility  of  this  phase  at  high  temperatures  obeys  the 
Curie-Weiss  law;  the  extrapolated  Curie  temperature  is  posi¬ 
tive  for  the  alloys  with  less  than  20  at.  %  Mn  and  negative 
for  those  with  more  than  25  at.  %  Mn.  It  has  also  been 
clarified4  that  the  e-MnZn  alloys  containing  about  25  at.  % 
Mn  become  strongly  ferromagnetic  at  room  temperature  if 
annealed  at  100  °C  for  several  days.  The  ferromagnetism  is 
due  to  the  formation  of  the  ordered  hep  structure  of  D  019 
type.  Since  the  D019  type  phase  (e'  phase)  is  merely  meta¬ 
stable,  more  prolonged  annealing  gives  rise  to  the  transfor¬ 
mation  to  the  antiferromagnetic  Cu3Au  type  phase  (a 
phase).  In  the  present  work,  more  detailed  magnetization  and 
ac-susceptibility  measurements  for  the  quenched  6-MnZn  al¬ 
loys  were  made  at  temperatures  down  to  4.2  K. 

II.  EXPERIMENT 

Samples  of  the  Mn-Zn  alloys  containing  8-50  at.  %  Mn 
were  prepared  by  the  following  procedures.  Electrolytic  Mn 
(99.9%)  and  pure  Zn  (99.9%)  were  mixed,  sealed  in  an 
evacuated  quartz  tube,  melted  at  about  900-1100  °C,  and 
quenched  in  water.  The  ingot  was  sealed  in  a  quartz  tube  and 
annealed  at  the  stable  temperature  of  the  e-MnZn  phase 
(about  440-600  °C)  for  more  than  3  days.  Powder  samples 
for  x-ray  diffraction  experiments  and  small  pieces  (10-500 
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mg  in  weight)  for  magnetization  measurements  were  pre¬ 
pared  by  filing  and  cutting,  respectively.  In  order  to  remove 
the  stress  caused  by  filing  and  cutting,  these  samples  were 
annealed  again  at  the  stable  temperature  of  the  e-MnZn 
phase  for  several  hours  and  then  quenched  in  water.  The 
magnetization  was  measured  by  a  Faraday  type  magnetic 
balance  in  a  field  up  to  10  kOe.  The  ac-susceptibility  mea¬ 
surements  were  made  using  a  standard  double  coil  in  an  ac 
driving  field  of  3.9  Oe  rms  and  80  or  160  Hz.  Various  dc 
magnetic  fields  between  0  and  800  Oe  were  applied  parallel 
to  the  ac  field. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  lines  for  the  well-annealed  powder 
samples  are  very  sharp,  indicating  that  the  samples  are  quite 
homogeneous  and  stress-free.  No  appreciable  impurity 
phases  were  observed  except  for  the  alloys  containing  less 
than  10  at.  %  Mn.  The  6-phase  region  is  somewhat  wider 
than  that  of  the  current  phase  diagram.1  The  hexagonal  lattice 
constants  a  and  c  at  20  °C  are  shown  in  Fig.  1(a).  Figure 
1(b)  shows  the  effective  magnetic  moment  and  the  extrapo¬ 
lated  Curie  temperature  determined  by  the  magnetization 
measurement  in  the  paramagnetic  region. 

Figure  2  shows  the  temperature  dependence  of  magneti¬ 
zation  in  various  applied  fields  for  the  alloys  containing 
10-15  at.  %  Mn.  These  data  were  taken  with  increasing  tem¬ 
perature  after  cooling  to  4.2  K  in  zero  field.  The  15  at.  %  Mn 
alloy  seems  to  show  a  typical  ferromagnetism  with  the  Curie 
temperature  of  about  200  K  and  the  saturation  magnetization 
of  26  emu/g  (1.79  per  Mn  atom).  In  lower  fields,  how¬ 
ever,  the  magnetization  a  vs  temperature  T  curve  shows  a 
maximum  at  about  90  K.  The  10  and  12  at.  %  Mn  alloys 
show  a  similar  behavior.  Both  the  Curie  temperature  and  the 
saturation  magnetization  decrease  with  decreasing  Mn  con¬ 
centration.  The  maximum  in  the  cr  vs  T  curve  is  sometimes 
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FIG.  1.  Concentration  dependence  of  (a)  lattice  constants  a  and  c  at  20  °C, 
and  (b)  extrapolated  Curie  temperature  0p  and  effective  magnetic  moment 
per  Mn  atom  /%f  for  e-MnZn  alloys. 


observed  in  mictomagnetism  or  cluster  spin  glass  owing  to 
the  existence  of  antiferromagnetic  interactions. 

Figure  3  shows  the  ac  susceptibility  ^ac  vs  T  curve  for 
these  alloys,  which  was  measured  during  heating  after  zero- 
field  cooling.  A  hump  is  observed  between  the  Curie  tem¬ 
perature  and  80  K,  the  latter  corresponding  to  the  onset  of 
mictomagnetism  or  cluster  spin  glass.  In  addition  to  the 
hump,  a  cusplike  peak  is  observed  at  36  and  45  K  for  the  10 
and  12  at.  %  Mn  alloys,  respectively,  suggesting  the  exist¬ 
ence  of  a  spin  glass  state.  Both  the  cusp  and  the  hump  are 
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FIG.  2.  Temperature  T  dependence  of  magnetization  cr  in  various  magnetic 
fields  H  for  e-MnZn  alloys  containing  10-15  at.  %  Mn. 


FIG.  3.  Temperature  T  dependence  of  ac- susceptibility  *ac  in  various  dc 
fields  Hdc  parallel  to  the  ac  field  for  e-MnZn  alloys  containing  10-15  at.  % 
Mn. 


suppressed  by  a  dc  magnetic  field  applied  parallel  to  the  ac 
field.  This  effect  is  more  remarkable  for  the  cusp  than  for  the 
hump.  The  cusp  is  not  observed  for  the  Mn-richer  alloys 
which,  on  the  other  hand,  show  more  pronounced  mictomag¬ 
netism  owing  to  the  enhancement  of  the  antiferromagnetic 
interaction. 

Figure  4  shows  the  cr  vs  T  curves  for  the  alloys  contain¬ 
ing  20-45  at.  %  Mn.  The  magnetization  was  measured  in  9.5 
kOe  during  heating  after  cooling  from  about  80  to  4.2  K  in 
9.5  kOe  (curves  denoted  as  I)  or  in  zero  field  (curves  denoted 
as  II).  The  so-called  magnetic  cooling  effect  appears  below  a 
freezing  temperature  T y .  The  values  of  Tf  for  the  alloys  con¬ 
taining  20,  30,  and  45  at.  %  Mn  are  28,  50,  and  75  K,  re¬ 
spectively.  The  maximum  in  the  a  vs  T  curve  even  appears  at 
the  field  of  9.5  kOe.  The  maximum  values  of  magnetization 
are  plotted  against  the  Mn  concentration  in  Fig.  5,  together 
with  the  magnetization  values  at  4.2  K. 

Although  the  antiferromagnetic  interaction  predominates 
in  the  alloys  containing  more  than  30  at.  %  Mn,  a  long-range 
antiferromagnetic  order  may  not  be  expected  because  of  the 
random  distribution  of  Mn  moments.  Instead,  the  cluster  spin 
glass  may  occur. 

We  have  re-examined  the  strong  ferromagnetism  of  the 
ordered  hep  phase  (ef  phase).  The  e  phase  alloys  were  an¬ 
nealed  at  100  °C  for  a  long  time.  The  magnetization  of  25 
at.  %  Mn  alloy  at  room  temperature  showed  a  maximum  (26 
emu/g)  for  the  annealing  time  of  50  h,  and  then  gradually 
decreased  owing  to  the  transformation  to  the  nonferromag¬ 
netic  a'  phase.  The  results  are  in  qualitative  agreement  with 
those  of  the  earlier  work.4 
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FIG.  4.  Temperature  T  dependence  of  magnetization  a  measured  during 
heating  in  a  field  of  9.5  kOe  for  e-MnZn  alloys  containing  20-45  at.  %  Mn. 
Curves  denoted  as  I  and  II  were  obtained  after  the  cooling  from  about  80  to 
4.2  K  in  9.5  kOe  and  in  zero  field,  respectively. 


at.  %  Mn 

FIG.  5.  Concentration  dependence  of  magnetizations  <xin  a  field  of  9.5  kOe. 
Open  circles  show  the  magnetization  at  4.2  K,  and  closed  circles  show  the 
maximum  magnetization  in  the  a  vs  T  curve. 


the  tendency  to  ferromagnetism.  Since  the  short-range  order 
might  exist  to  some  extent  even  in  the  as-quenched  alloy,  it 
would  be  difficult  to  determine  the  Curie  temperature  of  the 
“ideally  disordered”  e-MnZn  alloys. 

IV.  CONCLUSIONS 

The  e-MnZn  alloys  containing  less  than  20  at.  %  Mn 
show  typical  ferromagnetism  near  the  Curie  temperature  and 
cluster  spin  glass  at  low  temperatures.  Furthermore,  the  al¬ 
loys  containing  10-12  at.  %  Mn  show  a  cusp  in  the  ac  sus¬ 
ceptibility  versus  temperature  curve  at  a  lower  temperature. 
On  the  other  hand,  the  Mn-richer  alloys  show  more  pro¬ 
nounced  mictomagnetism.  The  so-called  magnetic  cooling 
effect  is  observed  even  for  the  alloys  containing  45  at.  % 
Mn. 


Even  the  13  at.  %  Mn  alloy  is  affected  by  the  prolonged 
annealing  at  100  °C.  The  ferromagnetic  Curie  temperature  of 
the  annealed  alloy  was  about  250  K,  being  higher  than  that 
of  the  as-quenched  alloy.  The  difference  is  thought  to  be 
caused  by  an  atomic  short-range  order  which  may  enhance 
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The  spin  dynamics  of  geometrically  frustrated  pyrochlore  antiferromagnets  Y2Mo207  and 
Y2MoL6Ti0.4O7  have  been  investigated  using  muon  spin  relaxation.  In  Y2Mo207  a  dramatic  slowing 
down  of  the  Mo4+  spin  fluctuations  occurs  as  one  approaches  the  spin  freezing  temperature  TF  of 
22  K  from  above.  At  lower  temperatures  the  spins  freeze  into  a  disordered  magnetic  state  similar  to 
that  found  in  a  spin  glass  but  with  a  small  residual  muon  spin  relaxation  rate  at  low  temperatures. 
This  residual  relaxation  rate  is  larger  in  Y2Mo1,6Tioi407  where  TF=  15  K.  These  results  suggest  that 
there  is  a  nonzero  density  of  states  for  magnetic  excitations  in  these  systems  near  zero  energy. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)05808-4] 


Recently,  there  has  been  considerable  interest  in  the  be¬ 
havior  of  geometrically  frustrated  antiferromagnets  in  which 
the  natural  antiferromagnetic  coupling  between  ions  is  uni¬ 
formly  frustrated  by  the  geometry  of  the  lattice.  This  is  un¬ 
like  the  random  frustration  occurring  in  conventional  disor¬ 
dered  spin  glasses.  In  three  dimensions,  the  most  well 
studied  systems  are  pyrochlores,  where  magnetic  ions  oc¬ 
cupy  a  lattice  of  comer  sharing  tetrahedra.  Monte  Carlo 
simulations1  have  shown  that  Heisenberg  spins  on  a  lattice  of 
comer  sharing  tetrahedra  have  a  classical  ground  state  with  a 
macroscopic  degeneracy,  since  the  lowest  energy  spin  con¬ 
figuration  requires  only  that  £f=1S,  =  0  for  each  tetrahedron. 
Villain  argued  the  classical  ground  state  is  a  cooperative 
paramagnet,2  with  only  short  range  spin-spin  correlations 
and  no  ordering  for  T>0  K.  However,  additional  factors 
such  as  magnetic  anisotropy,  further  nearest  neighbor  ex¬ 
change  and  thermal  fluctuations3  can  lift  the  degeneracy.  A 
variety  of  magnetic  ground  states  have  been  observed  in  dif¬ 
ferent  pyrochlores.  These  include  a  non-collinear  long  range 


order  (LRO)  in  which  the  spins  on  each  tetrahedron  point 
away  from  the  center  and  a  dense  spin  glass  where  the  mo¬ 
ments  are  frozen  with  no  LRO. 

Bulk  magnetic  susceptibility  measurements  on  the  pyro¬ 
chlores  Y2Mo2074  and  Y2MoL6Ti04O7  show  a  cusp-like  be¬ 
havior  at  Tf  with  strong  irreversibilities  below  TF=22  K  and 
15  K,  respectively,  typical  of  conventional  spin  glasses. 
Strong  diffuse  scattering,  indicating  the  presence  of  short 
range  correlations,  has  been  observed  in  wide  angle  neutron 
scattering  measurements  on  the  isostructural  compound 
Tb2Mo207.5,6  No  LRO  is  observed  below  TF. 

We  report  on  the  results  of  an  investigation  of  the  low 
temperature  magnetic  properties  of  Y2Mo207  and 
Y2Moi  6Ti0.4O7  using  muon  spin  relaxation.  Below  TF  a 
large  static  internal  magnetic  field  develops  which  has  a  very 
broad  distribution,  such  that  no  coherent  muon  spin  preces¬ 
sion  is  observed.  At  the  same  time,  the  muon  spin  relaxation 
rate  1  IT x  decreases  according  to  a  power  law  with  decreasing 
temperature.  The  most  remarkable  feature  in  the  data  is  the 
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presence  of  a  residual  spin  relaxation  rate  in  both  samples  at 
low  temperatures,  which  is  evidence  for  a  nonzero  density  of 
magnetic  states  near  zero  energy.  These  results  may  be  com¬ 
pared  with  fiS R  experiments  on  conventional  spin  glasses 
AuFe  and  CuMn.7 

Pyrochlores  crystallize  with  a  fee  structure  containing 
eight  formula  units  per  conventional  unit  cell  and  space 
group  Fd3m.  The  ions  on  the  16d  site  form  a  network  of 
comer  sharing  tetrahedra;  the  16c  sites  constitute  an  identical 
sublattice,  displaced  by  (1/2, 1/2, 1/2).  Mo4+  ions  occupy  the 
16c  site,  while  the  Y3  +  ions  occupy  the  16d  site.  The 
Mo4+  ion  has  a  magnetic  moment  of  ~l/xF,  whereas 
Y3+  and  Ti4+  are  diamagnetic.  The  oxygen  vacancy  concen¬ 
tration,  which  is  likely  the  main  source  of  crystalline  disor¬ 
der  in  these  materials,  is  below  the  limit  of  1%  detectable  by 
neutron  and  x-ray  diffraction. 

The  /xSR  measurements  on  pressed  polycrystalline  pel¬ 
lets  were  made  at  TRIUMF  in  a  4He  gas  flow  cryostat  for 
temperatures  above  2K  and  in  an  Oxford  Instruments  model 
400  top  loading  dilution  refrigerator  (DR)  for  lower  tempera¬ 
tures.  In  a  yttSR  experiment  the  observed  quantity  is  the  time 
evolution  of  the  muon  spin  polarization,  which  depends  on 
the  ensemble  averaged  distribution  of  internal  magnetic 
fields  and  their  temporal  fluctuations.  The  present  measure¬ 
ments  were  made  in  a  small  external  field  directed  along  the 
initial  polarization  direction  (longitudinal  field)  to  reduce 
sensitivity  to  small  random  static  nuclear  magnetic  dipolar 
fields  in  the  sample,  sample  holder  and  cryostat.  Details  on 
the  julSR  technique  may  be  found  elsewhere.8 

Figure  1(a)  shows  several  typical  julSR  spectra  of 
Y2Mo207  in  a  longitudinal  applied  field  of  0.02  T.  Above 
TF=22  K  the  observed  spin  relaxation  is  attributed  to  rapid 
fluctuations  of  the  internal  magnetic  field  due  to  Mo4+  mo¬ 
ments  in  the  paramagnetic  phase.  When  (defined  be¬ 
low)  the  relaxation  function  [see  Pz(0  in  Fig.  1]  for  each 
magnetically  equivalent  site  i  can  be  described  by  a  single 
exponential  e~Xit  with  a  relaxation  rate8: 


47rA?V; 


vt  +  2vi 


2  » 


(1) 


where  A i-y^Bi  is  the  gyromagnetic  ratio  of  the  muon 
(2 77 X  135.54  MHz/T)  times  the  rms  internal  magnetic  field 
Bi  at  site  i.  vt  is  the  fluctuation  rate  of  the  internal  field,  and 
vL=  y^B ext  is  the  Larmor  frequency  of  the  muon  in  the  ex¬ 
ternal  magnetic  field.  Note  that  X,  is  only  weakly  dependent 
on  the  applied  field  provided  vL ;  this  is  consistent  with 
the  absence  of  any  observed  field  dependence  above  TF .  Just 
above  TF,  ?z(t)  deviates  somewhat  from  a  single  exponen¬ 
tial  [see  for  example  T=27.5  K  spectrum  in  Fig.  1(a)]  and  is 
better  described  by  a  stretched  exponential  form  e~^kt^  with 
ft  near  0.4.  In  conventional  spin  glasses  in  the  limit  of  rapid 
spin  fluctuations,  a  square  root  exponential  relaxation  is  a 
natural  consequence  of  the  large  number  of  magnetically  in¬ 
equivalent  sites  arising  from  the  broad  distribution  of  dis¬ 
tances  to  the  magnetic  moments.  In  a  system  of  dense  mo¬ 
ments  such  as  Y2Mo207  it  is  still  possible  to  have  multiple 
sites  and  multi-exponential  behavior,  but  the  ratio  of  ampli¬ 
tudes  for  the  various  components  and  the  corresponding  re- 
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FIG.  1.  Long-time  dependence  of  the  muon  polarization,  P2(0*  Solid  lines 
are  best  fits  to  the  data.  The  inset  shows  the  short-time  behavior  at  T=  2.5  K 
for  (a)  Y2Mo207  and  (b)  Y2MoL6Tio.407 . 
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laxation  rates  are  temperature  independent.  The  data  for 
Y2Mo207  near  TF  could  not  be  fit  with  this  latter  restriction, 
indicating  that  the  observed  non-exponential  behavior  possi¬ 
bly  originates  from  a  distribution  of  correlation  times  rx  as¬ 
sociated  with  different  finite  spin  clusters.  Similar  behavior 
has  recently  been  observed  in  other  dense  spin  glasses  AgMn 
and  AuFe.9  /aSR  spectra  for  Y2Mo1 6Ti04O7  are  shown  in 
Fig.  1(b),  where  the  diamagnetic  Ti4+  ions  are  substitutional 
impurities  on  the  B  site,  introducing  random  disorder  into  the 
system. 

The  muon  spin  polarization  function  below  TF  (see  in¬ 
sets  in  Fig.  1)  is  characterized  by  rapid  depolarization  of  2/3 
of  the  initial  polarization  in  the  first  0.05  /xs,  followed  by 
slow  relaxation  of  the  remaining  1/3  component.  This  is  a 
characteristic  signature  of  a  highly  disordered  magnetic  state 
in  which  the  moments  are  quasi-static  on  the  timescale  of  the 
muon  lifetime.  For  example,  the  muon  polarization  function 
for  a  single  magnetic  site  with  a  Gaussian  distribution  of 
static  internal  fields  is  given  by  a  Kubo-Toyabe  function.8 
The  curves  in  the  insets  of  Fig.  1  show  a  fit  of  the  early  time 
data  at  2.5  K  to  this  function,  modified  slightly  to  include  the 
small  external  field  of  0.02  T.  This  does  not  change  the  form 
of  the  function  appreciably  provided  Btxt  is  much  less  than 
Bi .  Note  that  the  2.5  K  spectrum  for  Y2Mo207  was  taken 
with  better  statistics.  The  best  fit  to  the  data  corresponds  to 
an  average  field  strength  ^fShrA/y^- 0.105(5)  T  for  both 
compounds.  The  dip  in  P z(t)  at  0.032  /xs  is  not  however  as 
deep  as  predicted  by  the  Kubo-Toyabe  function,  indicating 
the  distribution  of  internal  fields  is  more  complicated  than  a 
single  Gaussian. 

Muon  spin  relaxation  results  from  the  exchange  of  en¬ 
ergy  with  magnetic  excitations.  A  first  order  process,  in 
which  the  muon  absorbs  or  creates  an  excitation  with  an 
energy  equal  to  the  muon  Zeeman  energy,  is  normally  sup¬ 
pressed  in  conventional  long  range  ordered  systems,  since  it 
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requires  excitations  at  energies  less  than  the  smallest  gap.  In 
a  second  order  process  (Raman  magnon  scattering)  involving 
inelastic  scattering  of  an  excitation,  application  of  Fermi’s 
Golden  rule  gives: 


M2(E)p2(E),  (2) 


where  the  muon  Zeeman  energy  has  been  neglected,  p(E)  is 
the  density  of  states  and  M(E)  is  the  matrix  element  for 
inelastic  scattering  of  an  excitation  of  energy  E  causing  a 
muon  spin  flip.  In  a  spin  glass,  n(E/kBT)  is  the  probability 
distribution  for  the  intravalley  excitations,  assumed  to  be 
Bose,  within  one  of  a  macroscopic  number  of  metastable 
states  or  “valleys.”  The  power  law  behavior  of  l/T{  is  pri¬ 
marily  determined  by  the  energy  dependence  of 
p(E)M(E),  as  intervalley  transitions  are  thought  to  be  im¬ 
portant  only  in  the  mK  range.10  For  example,  an  energy  gap 
in  p(E)  generally  leads  to  an  exponential  variation  of 
UTx~Texp(-Eg/kbT)  at  low  temperatures,  where  T  is  much 
less  than  Eg/kb .  If  p{E)  and  M(E)  have  power  law  depen¬ 
dences  with  powers  l  and  m,  respectively,  then  Eq.  (2)  im¬ 
plies  l/Ti  varies  as  7,2(/+m)+1<  The  low  temperature  linear 
specific  heat  observed  in  Y2Mo207  (Ref.  4)  suggests  p(E)  is 
flat  or  at  least  weakly  dependent  on  energy. 

Figure  2(a)  shows  the  average  muon  spin  relaxation  rate 
in  Y2Mo207  obtained  from  fits  to  a  single  exponential  relax¬ 
ation  function  over  a  restricted  time  interval  of  0.05  to  6 
l± s.  There  is  a  sharp  rise  in  the  average  \!TX  as  one  ap¬ 
proaches  Tf=22  K  from  above.  This  is  attributed  to  critical 
slowing  down  of  the  Mo4+  fluctuations.  Below  T^,  1  ITX 
decreases  gradually  as  the  magnetic  excitations  freeze  out. 
The  curve  in  Fig.  2(a)  shows  the  best  fit  of  the  data  below  12 
K  to  a  simple  power  law  form,  X  =  X.0  +  ATn,  with  exponent 
n  =  2.1(3).  A  similar  analysis  of  the 
Y2Moj.6Tio.4O7  data  below  12  K  yields  a  value  of 
n- 2.03(6),  as  illustrated  in  Fig.  2(b).  The  spin  freezing 
temperature,  as  seen  by  a  peak  in  1/Tj ,  occurs  at  ~  15  K  in 
this  sample.  The  muon  spin  depolarization  rate  is  roughly 
temperature  independent  below  1  K,  but  at  a  higher  value  of 
—0.05  as  compared  to  0.02  fxs~l  in  Y2Mo207.  The 

small  but  finite  residual  relaxation  at  the  lowest  temperatures 
implies  there  is  an  appreciable  density  of  excitations  close  to 
zero  energy.  We  suggest  that  the  mechanism  giving  rise  to 
temperature  independent  muon  spin  depolarization  is  en¬ 
hanced  by  the  addition  of  random  disorder.  However,  the 
power  law  behavior  is  unaffected  within  the  accuracy  of  the 
measurements. 

Computer  simulations  by  Ching  et  al 11  on  insulating 
Heisenberg  spin  glasses  Eu^Srj_^S  (x  =  0.54  and  0.40)  have 
indicated  the  density  of  states  p{e)  may  be  peaked  at  low 
energies.  The  geometrically  frustrated  kagome  lattice  system 
SrCr8Ga4019  has  also  recently  been  studied  using  yuSR.  Dy¬ 
namic  spin  fluctuations  are  observed  without  static  freezing, 
even  at  100  mK,  well  below  TF  =  3.5  K.12 

In  summary  the  data  for  Y2Mo207  and  Y2Moj  6Ti0.4O7 
are  consistent  with  spin  glass  behavior  as  shown  by: 


Temperature  (K) 


FIG.  2.  Dynamical  relaxation  rate  UTl  vs  temperature  for  (a)  Y2Mo207  and 
(b)  Y2MoL6Ti04O7in  a  longitudinally  applied  field  of  0.02  T.  The  solid  line 
is  the  best  fit  to  the  data  assuming  a  power  law  functional  form. 


(1)  the  critical  slowing  down  of  the  spin  fluctuations  and 
nonexponential  muon  spin  relaxation  near  TF, 

(2)  a  broad  distribution  of  static  internal  fields  below  TF  and 

(3)  the  weak  power  law  behavior  in  1/Tj  below  T^. 

In  both  systems  there  appears  to  be  a  residual  relaxation 
which  persists  down  to  very  low  temperatures.  This  indicates 
there  is  a  nonzero  density  of  states  for  magnetic  excitations 
close  to  zero  energy. 
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We  designed  a  quarternary  memory  using  weakly  coupled  giant  magnetoresistance  (GMR) 
multilayers  based  on  the  fact  that  there  are  four  stable  states  when  the  applied  field  is  zero. 
Compared  with  conventional  binary  memory,  the  major  advantage  of  the  quarternary  GMR  memory 
is  that  we  can  simply  double  its  capacity.  This  design’s  feasibility  has  been  proved  by  experiments. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  13608-1] 


I.  INTRODUCTION 

The  discovery  of  giant  magnetoresistance  (GMR)  in 
magnetic  multilayers  has  led  to  a  large  number  of  studies1-3 
on  the  giant  magnetoresistance  system  for  application.  Usu¬ 
ally,  devices  exhibiting  giant  magnetoresistance  are  under 
consideration  and  development  as  magnetic  field  sensors,  for 
instance,  in  read-back  magnetic  heads  used  in  magnetic  re¬ 
cording  technology.  Differing  from  these  studies  for  sensing 
purposes,  we  found  a  storage  mechanism  in  GMR  materials 
and  succeeded  in  fabricating  a  binary  GMR  memory.4  More¬ 
over,  the  fact  that  the  magnetizations  in  two  ferromagnetic 
layers  of  weakly  coupled  multilayer  act  independently  makes 
it  possible  to  realize  a  quarternary  data  storage  by  making 
use  of  the  four  combinations  of  magnetizations.  The  different 
coercivities  between  the  two  ferromagnetic  layers  can  be  just 
employed  to  magnetize  or  remagnetize  the  two  layers,  re¬ 
spectively.  In  this  article,  we  will  discuss  the  mechanism, 
design,  and  experimental  results  of  the  quarternary  GMR 
memory. 

II.  QUARTERNARY  STORAGE  MECHANISM 

From  the  viewpoint  of  application,  weakly  coupled 
GMR  multilayer,5,6  with  two  ferromagnetic  components  pos¬ 
sessing  different  coercivities,  is  a  hopeful  candidate  because 
of  its  low  switching  field  (smaller  than  10  Oe)  and  relatively 
large  magnetoresistance  (MR)  ratio  (4% -17%).  We  made 
samples  of  Co  (5  nm)/NiFe  (0.5  nm)/Cu  (5  nm)/Co  (0.5  nm)/ 
NiFe  (5  nm)  by  rf  sputtering.  The  thinner  NiFe  and  Co  layers 
were  formed  to  enhance  interfacial  scattering,  which  in¬ 
creases  the  MR  ratio  two  times  as  large  as  that  of  Co  (5 
nm)/Cu  (5  nm)/NiFe  (5  nm),  and  the  sandwich  structure  is 
comprised  of  two  ferromagnetic  components:  the  hard  com¬ 
ponent  Co  (5  nm)/NiFe  (0.5  nm)  and  the  soft  component  Co 
(0.5  nm)/NiFe  (5  nm).  Uniaxial  anisotropy,  important  both 
for  memory  storage  and  for  the  way  that  a  bit  is  selected,  is 
induced  by  a  magnetic  field  of  15.5  Oe  applied  in  the  plane 
of  the  films  during  sputtering.  Thereafter,  an  ac  magnetic 
field  anneal  (300  °CX80  OeX2  h)  was  executed  and  it  was 
found  that  the  ac  magnetic  thermal  treatment  helps  to  in¬ 
crease  the  slope  of  the  R(H)  curve. 


The  resistance-field  transfer  curves  R(H )  of  these 
samples  under  exciting  field  of  various  strength  were  inves¬ 
tigated.  The  applied  magnetic  field  is  along  the  plane  of  the 
samples.  The  switchings  of  the  double  ferromagnetic  layers 
with  different  coercivities  gives  rise  to  the  “double-hump” 
shaped  curve  of  the  main  loop  depicted  in  Fig.  1(a),  where 
the  applied  field  is  between  ±15  Oe.  From  Fig.  1(a)  we  can 
observe  two  obvious  switching  points:  point  A  corresponds 
to  the  switching  field  (about  5.5  Oe)  of  the  soft  component 
and  point  B  corresponds  to  the  switching  field  (about  14  Oe) 
of  the  hard  component.  Figures  1(b)  and  1(c)  illustrate  the 
R(H)  response’s  minor  loop  for  the  same  sample  operating 
in  the  mode  in  which  only  the  soft  component  is  switched  by 
limiting  an  applied  field  between  ±7.5  Oe.  In  Fig.  1(b)  the 
element  is  initially  saturated  to  the  “negative”  direction  by  a 
field  of  -15  Oe,  while  in  Fig.  1(c)  it  is  initially  saturated  to 
the  “plus”  direction  by  +15  Oe. 

Theoretical  analysis7  indicates  that  the  minor  loop  is  pri¬ 
marily  determined  by  the  hysteresis  of  the  soft  component. 
But  we  found  that  these  minor  loops  were  shifted  since  the 
initially  polarized  hard  component  blocks  the  spins  of  the 
soft  component  through  the  ferromagnetic  exchange  interac¬ 
tion.  In  this  case,  the  exchange  field  is  about  1.5  Oe,  smaller 
than  the  coercivity  (4  Oe)  of  the  soft  component.  So  that  the 
remanent  state  of  the  soft  component  cannot  be  influenced, 
although  the  exchange  field  is  present.  For  this  reason  this 
type  of  GMR  material  is  called  weakly  coupled.  It  is  appar¬ 
ent  that  the  soft  component  will  act  independently  as  long  as 
the  exchange  field  is  smaller  than  its  coercivity,  and  the 
lower  the  exchange  field  becomes  the  more  stable  the  work¬ 
ing  point  is.  In  fact,  the  exchange  field  will  decrease  with 
increasing  Cu’s  thickness  but,  unfortunately,  the  MR  ratio 
will  also  decrease  with  increasing  Cu’s  thickness.  We  have  to 
balance  these  two  requirements  and  we  found  that  for  a  Cu 
thickness  of  about  5  nm,  the  MR  change  ratio  stays  large  and 
the  exchange  field  is  still  relatively  small.  As  a  result,  there 
are  four  stable  states  for  the  sample  we  used  when  the  ap¬ 
plied  field  is  zero,  which  correspond  to  four  combinations  of 
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(a)Main  loop  in  which  the  applied  field  is  between  FIG.  2.  Schematic  diagram  for  quartemary  memory  cell. 

±15  Oe. 


MINOR  LOOP 


(b)Minor  loop  in  which  the  applied  field  is  between 
±7.  5  Oe  but  the  sample  is  initially  saturated  by 
the  field  of  -  15  Oe. 


MINOR  LOOP 


(c)Minor  loop  in  which  the  applied  field  is  between 
±7.  5  Oe  but  the  sample  is  initially  saturated  by 
the  field  of  +15  Oe. 


FIG.  1.  Quarternary  storage  mechanism. 


magnetizations,  as  shown  in  Fig.  1.  In  GMR  multilayers  the 
resistance  is  lower  when  alternate  magnetizations  are  parallel 
than  when  they  are  antiparallel.  This  rule  is  also  shown  in  the 
same  figure. 


The  above  description  gives  a  quartemary  storage 
mechanism.  For  any  uniaxial  anisotropic  ferromagnetic  film, 
there  are  two  stable  states:  the  magnetization  will  tend  to 
point  in  one  of  two  easy  directions,  and  the  fact  that  the 
magnetizations  in  two  ferromagnetic  layers  act  indepen¬ 
dently  in  weakly  coupled  sandwiches  makes  it  possible  to 
use  these  directions  to  represent  a  quartemary  data. 


III.  EXPERIMENTAL  RESULTS 

We  have  fabricated  a  one-bit  quartemary  GMR  memory 
cell  with  a  storage/sense  line  and  a  word  line  on  to  neocer¬ 
amic  substrate.  Its  schematic  diagram  is  illustrated  in  Fig.  2. 
A  brief  outline  of  the  fabrication  method  is  given  in  the 
following.  The  material  of  the  storage/sense  line  was  the 
GMR  multilayer,  as  described  in  the  above  section.  This 
sandwiches  were  patterned  into  a  rectangular  shape  whose 
size  is  5  yttmXlO  fjtm  by  optical  lithography  and  ion  milling 
techniques.  The  storage/sense  line  was  covered  with  a  0.5 
jjm  thick  Si02  layer,  which  served  as  an  insulator,  and  a  Cr 
(10  nm)/Cu  (1000  nm)/Cr  (30  nm)  multilayer  was  deposited 
onto  the  Si02  and  patterned  into  the  word  line.  Contact  holes 
were  etched  in  the  Si02  by  a  lift-off  technique,  followed  by 
the  structuring  of  electrodes  for  the  storage/sense  line.  The 
use  of  the  Cr/Cu/Cr  structure  was  to  make  mechanically 
strong  contacts.  The  word  line  was  parallel  to  the  storage/ 
sense  line,  and  both  of  them  were  orthogonal  to  the  easy  axis 
because  the  preferred  easy  axis  is  chosen  to  lie  along  the 
transverse  direction  of  the  GMR  stripe.  A  combination  of  a 
sense  current  flowing  along  the  GMR  line  itself  (the  sense 
current  is  assumed  to  pass  primarily  through  the  intermediate 
layer  Cu  because  of  its  high  conductivity),  together  with  an 
exciting  current  flowing  along  the  word  line,  make  it  pos¬ 
sible  for  a  2D  selective  storage/sense  function  to  be  realized. 

The  different  coercivities  of  the  two  ferromagnetic  layers 
can  be  used  to  polarize  the  two  layers,  separately.  In  our 
experiments,  we  first  use  a  strong  magnetic  field  of  15  Oe 
to  polarize  the  hard  component  whose  switching  field  is  14 
Oeand  then  use  a  weak  field  of  7.5  Oe  to  polarize  the  soft 
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component.  (In  this  mode  the  remanent  magnetization  of 
the  hard  component  cannot  be  altered  but  the  soft  compo¬ 
nent  can  be  switched  since  its  switching  field  is  about  5.5 
Oe.) 

For  reading  method,  a  bipolar  excitation  pulse  current 
was  used,  and  the  strength  of  the  corresponding  magnetic 
field  is  limited  to  be  smaller  even  than  the  coercivity  of  the 
soft  component  to  confirm  a  nondestructive  readout  (NDRO) 
capability.  It  is  easy  to  understand  that  the  magnetization 
parallel  to  the  excitation  field  could  not  rotate  while  the  mag¬ 
netization  anti-parallel  could.  When  a  bipolar  pulse  word 
current  Iw  passes  through  the  word  line,  a  voltage-pulse 
combination  should  appear  across  the  GMR  line,  in  which  a 
plus  pulse  corresponds  to  increasing  resistance,  and  a  minus 
pulse  corresponds  to  decreasing  resistance,  and  zero  voltage 
corresponds  to  no  resistance  change.  Figure  3  is  the  mea¬ 
sured  result,  in  which  four  kinds  of  pulse  combinations  cor¬ 
responding  to  the  remanent  states  arise,  and  therefore  data 
readout  can  be  performed  by  monitoring  these  pulse  combi¬ 
nations  against  the  plus-minus  word  current  (field).  The 
word  current  Iw  is  15  mA  and  the  sense  current  is  5  mA.  The 
voltage  difference  between  plus  and  minus  pulses  is  12  mV. 
Furthermore,  the  continuous  test  indicates  that  a  stable  read¬ 
out  waveform  can  be  held  for  a  long  time.  That  is  to  say,  this 
element  has  NDRO  ability,  and  an  additional  rewrite  opera¬ 
tion  after  reading  is  not  needed. 


FIG.  3.  Reading  timing  sequences.  The  vertical  scale  for  sense  voltage 
output  Vs  is  5  mV/div. 


IV.  CONCLUSIONS 

We  succeeded  in  fabricating  a  quartemary  memory  cell. 
In  this  structure,  the  multilayer  is  used  not  only  for  data 
storing  but  also  for  data  sensing.  The  major  advantage  of  the 
quartemary  GMR  memory  is  that  we  can  simply  double  its 
capacity  compared  with  conventional  binary  memory. 
NDRO  capability  was  also  confirmed. 
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Important  factors  included  in  nondestructive  readout  of  GMR  MRAM 
(abstract) 

Y.  Nakamura  and  Z.  Wang 

Research  Institute  of  Elect.  Communication,  Tohoku  University,  Sendai  980,  Japan 

We  proposed  a  new  type  of  magnetoresistive  random  access  memory  (MRAM)  using  a  weakly 
coupled  GMR  effect.  It  operates  on  the  general  principle  of  storing  a  binary  digit  in  hard  component 
and  sensing  its  remanent  state  by  switching  the  soft  component  in  such  a  way  that  the  magnetic  state 
of  the  hard  component  is  unaltered.1  It  is  believed  that  this  structure  could  have  nondestructive 
readout  (NDRO)  characteristics.  However,  in  experiments  we  found  that  NDRO  was  not  always 
achieved;  i.e.,  NDRO  was  dependent  on  the  polarity  of  the  excitation  field.  We  take  an  example  for 
mode  “0”  (corresponding  to  a  +  remanent  state).  Although  tests  involving  3X108  plus  excitation 
pulses  indicated  that  the  element  was  still  stable,  stability  against  minus  disturb  pulses  could  not  be 
expected.  The  remanent  state  of  0  was  degrading  gradually  and  was  finally  destroyed  after 
nenormous  numbers  of  readout  switching.  An  analytical  model,  in  which  the  hard  component 
follows  the  Rayleigh  law,  can  explain  the  above  phenomenon.  It  is  because  the  irreversible 
magnetization  processes  cause  disturbed  states  (0 '  or  T  ).  Obviously  the  worst  case  for  mode  0  is 
being  excited  by  continous  minus  pulses  whereas  the  worst  case  for  mode  1  is  being  excited  by 
continous  plus  pulses.  We  think  that  two  methods  will  be  effective  to  eliminate  the  unstability.  One 
is  to  obtain  a  rectangular  hysteresis  loop  for  the  hard  component.  The  other  is  to  imporve  the 
excitation  method,  for  example,  to  employ  bipolar  pulses  for  excitation  signals.  ©  1996  American 
Institute  of  Physics.  [S0021-8979(96)46708-4] 
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Domain  collapse  in  grooved  magnetic  garnet  material  (abstract) 

J.  C.  Peredo  and  G.  N.  Patterson 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  California  91109-8099 

Y.  N.  Fedyunin 

Department  of  Electrical,  Computer,  and  Systems  Engineering,  Boston  University,  Boston, 

Massachusetts  02215 

Material  grooving  has  been  proposed  as  a  possible  technique  for  stabilizing  magnetic  domains  in  a 
thin  film.  Grooving  changes  the  local  properties  of  the  material,  and  can  change  the  stability  range 
of  domains  in  the  vicinity  of  a  groove.1  In  this  work,  the  effects  of  material  grooving  on  the  collapse 
fields  of  magnetic  domains  were  simulated,  measured,  and  interpreted  magnetostatically  for  thin, 
epitaxial  (YBiGdHoCa)3(FeGeSi)5012  and  (YBiSmLuCa)3(FeGaSi)5012  garnet  films  which  were  2 
pm  thick.  The  domain  collapse  field  (ffco)  was  simulated  with  a  recently  developed  computer  code 
based  on  a  simplified  model  of  domain  structure.2  Simulation  results  indicated  that  Hco  varied 
linearly  with  groove  depth  (<5)  increasing  for  groove  widths  (<y)  <20  /am,  and  decreasing  for  co>  20 
pcm.  As  groove  widths  increased,  Hco  is  a  maximum  when  o  is  near  the  domain  diameter.  These 
trends  correspond  to  the  effect  induced  by  the  demagnetizing  fields  from  the  groove  bottom  and 
edges,  respectively.  The  grooved  film  is  modeled  as  an  ungrooved  film  of  reduced  film  thickness 
upon  which  were  placed  two  semi-infinite  magnetized  film  layers  separated  by  co .  Experimental 
measurement  of  Hco  was  performed  by  magneto-optic  observation  on  an  array  of  grooves  at  pitches 
of  4-8  pm.  S  from  0.2-0.6  pm,  and  cu  from  1.2  to  2.6  pm.  The  experimental  data  were  in  good 
agreement  with  the  simulated  values  and  magnetostatic  interpretation.  ©  1996  American  Institute 
of  Physics.  [S002 1-8979(96)46808-8] 
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Fundamental  studies  of  stripe-domain  chopping  in  the  presence 
of  magnetic  fields 

K.  J.  Fogarty,  K.  Matsuyama,  and  H.  Asada 

Electrical  Engineering  Department,  Kyushu  University  36,  Fukuoka,  Japan 

W.  W.  Clegg 

Electrical  Engineering  Department,  Manchester  University,  Manchester,  United  Kingdom 

The  effects  of  externally  uniform  applied  orthogonal  and  parallel  in-plane  magnetic  fields  on  the 
stripe-chopping  characteristics  and  negative  vertical  Bloch  line  replication  probability  have  been 
studied  experimentally  and  by  numerical  simulation  on  a  5  pm  bubble  film.  The  orthogonal  and 
parallel  in-plane  fields  on  the  stripe  domain  were  varied  from  —50  to  50  Oe  and  —9  to  9  Oe, 
respectively,  to  represent  actual  working  device  parameters.  The  numerical  simulation  results  agree 
with  the  experimental  data,  confirming  the  suppression  of  horizontal  Bloch  line  nucleation  by  the 
external-uniform  in-plane  fields  and  the  in-plane  field  components  of  the  chopping  conductor. 
©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  13708-8] 


The  chopping  detection  of  vertical  Bloch  lines  (VBL)  is 
the  major  impediment  for  all  of  the  VBL  memory  processes, 
yet  full  fundamental  studies  have  never  been  performed  in 
terms  of  large  uniform-orthogonal  in-plane  fields  and  the 
probability  of  the  chopped  parts  of  an  stripe  domain 
still  being  an  S  —  0  state  for  positive  and  negative  in-plane 
fields.  Nakada  et  al}  showed  that  the  cause  and  the  repro¬ 
ducibility  can  be  understood  in  the  relation  of  the  in-plane 
wall  magnetization  to  the  in-plane  field  components  of  the 
chopping  conductor  (CC).  The  in-plane  field  parallel  to  the 
in-plane  wall  magnetization  increases  the  Bloch  line  (BL) 
nucleation  velocity,2  effectually  reducing  the  presence  of  the 
horizontal  Bloch  lines  (HBLs).  However,  the  in-plane  field 
orthogonal  to  the  stripe  domain  wall  changes  the  critical  ve¬ 
locity  for  BL  instability  and  the  actual  position  of  the  critical 
point  itself.2,3  The  critical  points  are  Bloch-line  nucleation 
centers.  It  is  this  changing  of  the  critical  point  that  should  aid 
the  suppression  of  the  HBLs  in  the  chopping  process. 

The  film  characteristics  are  as  follows:  4  irMs=  187  G, 
a=0.11,  Ku  =  8200  erg/cm3,  y=1.76X107/(Oe  s),  A  =  1.88 
X  10-7  erg/cm,  and  h= 4.12  /xm.  Figure  1  shows  a  sche- 
matic  of  the  chip  configuration.  The  stripe  domain  is  stabi¬ 
lized  in  a  loop  conductor  field  of  6.4  Oe  and  a  mid-range 
external  bias  field  of  58  Oe.4  The  CC  is  1.8  pm  above  the 
bubble  garnet  with  a  gap,  width,  and  thickness  of  4,  6,  and 
1.01  pm,  respectively.  The  externally  applied  orthogonal, 
Hy,  and  parallel,  Hx ,  in-plane  field  ranges  applied  to  the 
stripe  domain  are  —50  to  50  Oe  and  —9  to  9  Oe,  respec¬ 
tively.  The  stripe  domain  is  chopped  with  a  triangular  pulse 
of  fixed  rise  and  fall  times  of  100  ns,  and  at  the  threshold 
current  value  (100-110  mA)  that  successfully  chops  the 
stripe  domain  for  each  in-plane  field  value.  The  chopped 
parts  of  the  initial  S  =  0  stripe  domain  to  the  left  and  to  the 
right  of  the  CC  are  rocked5  and  their  rocking  states  deter¬ 
mined  as  being  S  =  0,  positive  or  negative.  The  minimum 
number  of  repetitions  that  were  made  to  show  the  probability 
of  specific  chopping  characteristics  was  30. 

The  simulation  method  used  is  that  used  by  Fujita  et  al.6 
which  is  a  ( q,f> )  model  of  a  side  view  through  the  film 
thickness.  To  show  the  physical  effects  of  the  in-plane  field 
components  of  the  CC  on  the  wall  structure,  the  wall  struc¬ 


tures  at  0,  ±1,  and  ±2  pm,  from  the  center  of  the  CC  were 
simulated.  The  material  parameters  for  the  simulation  are  the 
actual  physical  characteristics  of  the  5  pm  (YSmLuCa)3 
(GeFe)50j2  garnet  film  as  given  above. 

Considering  the  positive  (  +  ue)  Hx  simulation  condi¬ 
tions  (with  reference  to  Fig.  1),  generally  the  dynamic  HBLs 
are  formed  at  the  bottom  and  the  top  surface  of  the  left-hand 
side  (LHS)  and  the  right-hand  side  (RHS)  Bloch  walls,  re¬ 
spectively.  This  is  due  to  the  gyrotropic  force  induced  by  the 
chopping  field,  as  shown  in  Fig.  2,  for  curves  3a  and  3b. 
Lines  3a  and  3b,  etc.,  in  Fig.  2,  are  the  magnetization  struc¬ 
tures  of  the  RHS  and  LHS  Bloch  walls,  respectively.  How¬ 
ever,  due  to  the  CC  being  located  on  the  bottom  surface, 
HBLs  will  normally  be  formed  from  here,  and  the  HBL  will 
generate  more  easily  on  the  LHS  of  the  CC  as  the  in-plane 
field  component  here  is  opposite  to  the  in-plane  wall  magne¬ 
tization,  reducing  the  Bloch  line  nucleation  velocity,  as  sug¬ 
gested  in  curves  2a  and  2b.  The  application  of  the  Hy  field  to 
the  stripe  domain  changes  the  static  wall  profiles  as  reported 
by  Kosinski  et  a/.,3,7,8  but  the  wall  profiles  are  different  for 
each  wall  as  their  surface  magnetizations  are  opposite  to 
each  other,  therefore  their  respective  critical  points  will 
change,  as  in  curves  la  and  lb.  The  critical  points  for  lines 
la  and  lb,  are  the  two  depths  from  each  film  surface  at 
which,  because  of  the  planar  components  of  demagnetizing 
or  external  fields,  the  wall  structure  changes  from  truly 


FIG.  1.  Schematic  of  stripe  domain  and  chopping  conductor  configuration. 
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FIG.  2.  Wall-magnetization  distributions  for  the  RHS  and  LHS  Bloch  walls. 
For  all  of  the  curves,  Hx  =  3  Oe.  Hy-  10  Oe,  curves  la  and  lb:  r==0  s,  at 
the  center  of  the  CC.  Hy=  10  Oe,  curves  2a  and  2b  and  curves  3a  and  3b: 
r=135  ns,  -1  fi m  and  -2  /mm  from  the  center  of  the  CC,  respectively. 
Hy=  -  50  Oe,  curves  4a  and  4b:  f  =  135  ns,  -2  /mm  from  the  center  of  the 
CC. 

Bloch  wall  to  Neel  type.  A  +  ve  Hy  field  will  push  the 
critical  point  on  the  bottom  surface  of  the  LHS  Bloch  wall 
away  from  the  surface,  whereas  on  the  upper  surface  the 
critical  point  will  be  pushed  into  the  top  surface.  The  oppo¬ 
site  effect  occurs  in  the  RHS  Bloch  wall,  and  vice-versa  for 
the  negative  (  —  ve)  Hy  field.  It  is  the  movement  of  the 
position  of  the  critical  point  into  and  away  from  the  surface 
magnetization  that  causes  the  suppression  and  the  accelera¬ 
tion  of  the  HBL  generation,  respectively.  Also,  if  the  ±ir/2 
magnetization  around  the  Bloch  loop  is  parallel  to  Hy ,  the 
Bloch  loop  should  effectively  sweep  its  area  out  faster.  Curve 
4b  shows  punch  through  from  the  top  surface  to  the  bottom 
surface  due  to  the  wall’s  stored  momentum  and  the  critical 
point’s  position. 

Bearing  in  mind  the  above,  the  simulations  show  that  at 
the  time  when  the  chopping  current  is  at  its  peak  from  the 
start  of  the  simulation  (relaxation  time  of  10  ns +  100/0.8 
=  135  ns),12  a  -ve  Hy  field  causes  a  complete  HBL  sup¬ 
pression  even  on  the  LHS  of  the  CC.  At  Hy  =  0  Oe  and 
Hx  =  3  Oe,  HBLs  are  formed  only  on  the  LHS  of  the  CC  due 
to  the  gyrotropic  force  and  the  in-plane  field  components,  but 
as  Hy  becomes  more  positive,  the  HBL  nucleation  is  accel¬ 


FIG.  3.  Simulated  threshold  values  of  Hy  for  the  presence/absence  of  HBLs 
as  a  function  of  distance  from  the  center  of  the  CC  for  six  values  of  Hx. 


FIG.  4.  Bubble  5  =  0  probability  for  -ve  Hx  field  range  on  the  good  side. 

erated  and  slowly  sweeps  out  from  the  LHS  to  the  RHS  of 
the  CC,  though  the  HBL  does  not  actually  punch  through.  A 
HBL  does  not  appear  on  the  RHS  until  Hy  =  30  Oe.  As  Hx 
increases,  it  reduces  the  effective  in-plane  field  component  of 
the  LHS  of  the  CC  causing  a  slight  HBL  suppression  at  the 
lower  Hy  field  values.  Therefore,  with  a  HBL  being  present, 
it  will  change  the  chopping  characteristics  and  the  S  states  of 
the  bubbles.  For  -ve  Hx  fields,  which  would  invert  the 
Bloch  wall  in-plane  magnetization  due  to  the  -ve  VBLs 
switching  their  stripe  domain  head  positions,  the  shape  and 
principal  behavior  of  the  wall  structure  is  the  same  for  op¬ 
posite  Hy  field  values. 

Figure  3  shows  the  simulated  threshold  values  of  Hy  for 
the  presence/absence  of  HBLs  as  a  function  of  distance  from 
the  center  of  the  CC  for  six  values  of  Hx ,  showing  all  of  the 
physical  characteristics  of  the  above  explanation.  For  the 
+  ve  Hx  field  values,  below  each  line,  there  are  no  HBLs 
and  vice-versa  for  the  —  ve  Hx  field  values.  Point  symmetry 
is  shown  in  the  figure  for  +ve  and  -ve  Hx. 

Referring  to  Fig.  1,  the  RHS  of  the  CC,  the  in-plane  wall 
magnetization  and  the  direction  of  Hx ,  this  is  referred  to  as 
the  “good”  side  where  no  errors  should  occur1  and  the  LHS 
is  the  “bad”  side.  The  reverse  is  realized  for  the  -  ve  Hx 
field. 

Figures  4  and  5  show  the  percentages  of  success  for  the 
LHS  and  RHS  S  =  0  bubbles  after  chopping,  for  the  -ve 
and  +ve  Hx  fields,  respectively.  The  best  of  the  error-free 


FIG.  5.  Bubble  5  =  0  probability  for  +ve  Hx  field  range  on  the  good  side. 


6644  J.  Appl.  Phys.,  Vol.  79,  No.  8,  15  April  1996 


Fogarty  et  al. 


FIG.  6,  Effects  of  larger  currents  on  bubble  probability  on  the  LHS  and 
RHS  of  the  CC  at  Hy  -  -30  Oe  for  Hx=  6  Oe  and  9  Oe. 


chopping  is  seen  in  the  Hy  ranges  —30  to  10  Oe  for  Hx 
equal  to  -3  Oe,  and  0  to  30  Oe  for  Hx  equal  to  +3  Oe,  due 
to  the  suppression  of  the  dynamic  HBL  formation  by  the 
in-plane  field  components  of  the  CC.  Figures  4  and  5  also 
show  a  mirror  symmetrical  effect  for  the  opposite  in-plane 
fields.  In  Fig.  5,  in  the  Hy  range  0  to  -20  Oe,  they  form 
various  minimums  but,  at  —30  and  —40  Oe,  the  bubble  per¬ 
centages  are  between  90%  and  100%,  indicating  HBL  sup¬ 
pression.  For  the  —  ve  Hx  and  —  ve  Hy  field  values,  as  Hx 
increases  in  magnitude,  the  5  —  0  bubble  percentage  starts  to 
decrease.  Similarly,  Fig.  5  depicts  the  same  effect  for  the 
+  ve  Hy  and  +ve  Hx  field  values.  Iwata  et  al.9  also  found 
that  as  Hx  is  applied,  the  experimental  results  gradually  de¬ 
viate  from  the  theory,  but  we  are  unable  to  propose  a  cause 
of  this.  The  origin  may  be  due  to  the  cubic  anisotropy  of  the 
garnet.  The  large  minimums  in  the  figures  occur  for  the  cur¬ 
rent  being  too  large,  but  these  are  the  threshold  values  which 
consistently  chop  the  stripe  domain.  Figure  6  shows  these 
effects  on  the  5  =  0  bubble  percentage  at  Hy  =  —  30  Oe  and 
Hx  =  6  Oe  and  9  Oe  as  a  function  of  current.  The  minimum 
threshold  currents  (7thr)  at  Hy—  - 30  Oe  and  30  Oe,  are  100 
and  108  mA,  respectively.  The  simulations  showed  total 
HBL  suppression  for  the  different  currents  for  the  RH 
bubbles  (the  good  side),  but  experimentally  the  5  =  0  bubble 
percentage  decreases  drastically  as  the  current  increases.  The 
experimental  and  simulation  results  are  comparable  at  Hy 
=  30  Oe  for  the  RH  bubbles,  since  the  simulation  showed  no 
HBLs  on  the  RHS,  and  yet  the  LH  5  =  0  bubble  percentage  is 
greater  than  that  for  all  of  the  RH  bubbles.  The  reason  may 
be  that  as  the  chopping  current  increases,  increasing  the  ef¬ 
fective  +  ve  Hx  in-plane  field  at  the  RHS  part  of  the  CC,  it 
induces  the  same  errors  that  are  due  to  a  large  Hx .  Also,  a 
larger  chopping  current  would  increase  the  wall  velocity  and 
the  gyrotropic  force  causing  the  HBLs  to  generate  faster, 
though  the  simulations  did  not  show  this.  The  strong  effec¬ 
tive  Hx  field  and  the  large  Hy  field  could  flip  the  VBL  mag¬ 


FIG.  7.  Bubble  5=0  probability  for  +ve  Hx  field  range  on  the  bad  side. 

netization,  or  Bloch  point  (BP)  injection  might  occur  after 
chopping.  An  analogy  for  the  BP  injection  can  be  made  with 
the  experiment  of  Beaulieu  et  al 10  on  the  contracting  move¬ 
ment  of  the  domain  heads  of  the  chopped  parts  of  the  stripe 
domain  to  the  Hy  field.  The  experiment  in  Ref.  10  has  the 
in-plane  field  applied  perpendicular  to  the  gradient  drive 
field  that  is  rocking  the  bubble  and  induces  bubble  state  con¬ 
version  via  BP  injection.  The  velocities  of  the  stripe  domain 
heads  are  not  known,  and  therefore  a  relation  with  the  Bloch 
line  nucleation  velocity11  cannot,  at  this  stage,  be  made.  Fig¬ 
ure  7  shows  a  very  good  5  =  0  bubble  percentage  for  the 
supposedly  bad  side  of  the  CC  for  increasing  Hx  and  Hy 
fields,  confirming  the  suppression  of  the  HBLs  as  shown  by 
the  simulations. 

Although  there  remain  discrepancies  at  high  values  of 
planar  fields,  thus  requiring  further  work,  the  broad  results  of 
numerical  simulations  are  borne  out  by  experimental  results. 

The  Japanese  government  is  thanked  for  the  award  of  a 
Monbusho  scholarship  to  enable  K.F.  to  further  his  research 
studies  in  Japan. 
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Micromagnetic  study  on  write  operation  in  submicron  magnetic  random 
access  memory  cell 
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In  a  spin-valve  random  access  memory,  the  binary  bit  states  of  the  storage  cell  are  determined  by  the 
magnetization  direction  in  the  free  magnetic  layer.  The  write  operation  of  a  submicron  memory  cell 
element  has  been  studied  by  a  micromagnetic  computation  based  on  an  energy  minimization 
scheme,  which  aids  in  the  chip  design.  The  magnetization  of  the  binary  bit  states  in  the  element  was 
found  to  take  a  single  domain  structure  having  the  opposite  direction  of  the  long-axis  component. 

The  mean  long-axis  component  of  magnetization  of  each  binary  state  was  ±0.97  without  external 
fields.  The  selective  switching  of  the  bit  state  in  the  element  was  performed  by  the  write  currents 
applied  into  the  two  level  conductors  overlying  the  element  for  various  conditions.  The  influence  of 
the  write  currents  to  the  neighboring  element  on  a  two-dimensional  memory  array  with  a  1 X 1  /xm 
pitch  was  also  simulated,  in  order  to  confirm  the  selective  switching  of  the  memory  element.  It  was 
found  that  the  selective  write  current  amplitude  decreased  with  an  increasing  assist  current 
amplitude  and  the  range  was  extended  by  the  large  difference  of  the  transverse  magnetic  field 
between  the  selected  and  neighboring  element.  The  effect  of  the  exchange  interaction  from  the 
pinned  magnetic  layer  on  the  write  operation  was  also  discussed.  ©  1996  American  Institute  of 
Physics .  [S002 1  -8979(96)  1 6808-X] 


I.  INTRODUCTION 

Using  a  giant  magnetoresistance  material,  a  nonvolatile 
random  access  memory  has  been  proposed.1,2  In  the  memory 
cells  proposed  by  D.  D.  Tang  et  al  2  the  binary  states  of  the 
storage  cell  are  determined  by  the  magnetization  direction  in 
the  free  magnetic  layer,  which  offer  a  static  signal  depending 
upon  the  magnetoresistive  variation  caused  by  the  parallel 
and  antiparallel  states  between  both  the  pinned  and  the  free 
magnetic  layers.  The  write  operation  of  the  bit  information  is 
performed  by  applying  the  pulse  currents  into  the  two- 
dimensional  array  of  conductors  overlying  the  storage  cell. 
Micromagnetic  simulation  is  useful  to  investigate  the  bit 
states  before  and  after  applying  the  write  currents,  which  aids 
in  the  chip  design  and  development  of  the  memory  opera¬ 
tion.  Two-dimensional  micromagnetic  simulation  results  of 
the  bit  state  change  performed  by  the  uniform  in-plane  fields 
have  been  reported.3 

In  the  present  work,  the  write  operation  of  a  submicron 
memory  cell  element  has  been  studied  by  the  micromagnetic 
computation  representing  a  three-dimensional  magnetization 
direction,  based  on  an  energy  minimization  scheme,  for  vari¬ 
ous  cases.  The  effect  of  an  uniform  in-plane  field,  which 
corresponds  to  the  exchange  interaction  from  the  pinned 
magnetic  layer,  on  the  write  operation  has  also  been  studied. 

II.  RESULTS  AND  DISCUSSION 

A  schematic  memory  bit  cell  configuration  assumed  in 
the  simulation  is  illustrated  in  Fig.  1.  Since  the  storage  cell 
was  constituted  with  a  noncoupled  spin  valve  film,  the  mag¬ 
netization  state  in  the  free  layer  was  computed  by  the  micro- 
magnetic  simulation  representing  a  three-dimensional  mag¬ 
netization  direction.  A  memory  cell  element  of  0.5X0.25 
/xm2  size  was  discretized  into  a  two-dimensional  array 
(32X16X1)  of  a  tetragonal  grid,  assuming  that  the  magneti¬ 
zation  distribution  was  uniform  through  the  thickness  of  the 


material  due  to  the  negligible  film  thickness.  For  calculating 
the  magnetization  distribution  of  each  grid,  the  total  mag¬ 
netic  energy,  written  as  the  sum  of  the  exchange,  anisotropy 
and  demagnetizing  energy  terms,  was  minimized  by  using 
the  conjugate  gradient  method.4  The  following  standard  ma¬ 
terial  parameters  for  permalloy  were  assumed  as  the  free 
magnetic  layer;  saturation  induction  4ttM=  104  G,  uniaxial 
anisotropy  Ku—103  erg/cm3  (Hk—  2.5  Oe),  exchange  con¬ 
stant  A  —  10-6  erg/cm  and  film  thickness  ft  =  50  A.  The  se¬ 
lective  write  operation  was  performed  by  applying  the  pulse 
currents  into  the  two  level  conductors  overlying  the  element, 
which  consist  of  the  write  and  assist  conductors  located 
along  the  short-  and  long-axis  direction  of  the  element,  re¬ 
spectively.  The  magnetization  direction  in  the  free  magnetic 
layer  is  determined  by  the  direction  of  the  longitudinal  com¬ 
ponent  of  the  magnetic  field  generated  by  the  write  current, 
Iw .  The  write  conductor  width  and  thickness  were  0.7  and 
0.3  /x m,  respectively,  and  the  assist  conductor  width  and 
thickness  were  0.5  and  0.3  /xrn,  respectively.  The  spacer 
thickness  between  the  free  magnetic  layer  surface  and  the 
conductors  were  0. 1  /xm  for  the  first  layer  and  0.5  ptm  for  the 
second  layer.  The  switching  of  the  bit  state  is  performed  by 
the  magnetization  rotating  towards  the  opposite  state  by  the 
longitudinal  magnetic  field  from  the  write  current,  Iw ,  with 
the  assistance  of  the  transverse  magnetic  field  from  the  assist 
current,  Ia . 
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FIG.  1.  Schematic  memory  cell  element. 
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(b) 


FIG.  2.  Magnetization  states  in  the  free  magnetic  layer  of  each  binary  state 
after  applying  the  (a)  positive  and  (b)  negative  write  currents. 


Figure  2  shows  the  simulation  results  of  the  magnetiza¬ 
tion  direction  in  the  element  without  external  magnetic  fields 
after  applying  (a)  positive  and  (b)  negative  currents  into  the 
write  conductor.  The  arrows  indicate  the  magnetization  di¬ 
rection  on  each  calculation  grid.  The  easy  axis  direction  of 
anisotropy  was  along  the  long-axis  direction  of  the  element. 
As  shown  in  the  figures,  though  the  magnetization  around 
the  long-axis  edges  inclines  due  to  the  demagnetizing  field, 
the  long-axis  component  of  each  magnetization  for  (a)  and 
(b)  are  opposite  to  each  other.  Both  magnetization  states  take 
the  single  domain  structure,  which  is  suitable  for  the  binary 
bit  states  of  the  storage  cell.  The  relative  amount  of  the  ex¬ 
change  energy  compared  to  that  of  the  magnetostatic  energy 
becomes  dominant  in  the  fine  pattern  with  the  thin  film  thick¬ 
ness.  The  mean  long-axis  component  of  each  binary  state, 
which  contributes  to  the  magnetoresistive  variation,  is 
±0.97. 

For  estimating  the  amplitudes  of  the  write  currents,  the 
bit  state  switching  from  the  magnetization  direction  as 
shown  in  Fig.  2(a)  to  that  in  Fig.  2(b)  by  the  uniform  trans¬ 
verse  and  longitudinal  fields  were  computed.  Figure  3  shows 
the  threshold  amplitude  of  the  longitudinal  field,  Ht,  with 
various  transverse  fields,  Ht .  The  value,  needed  to  switch 
the  bit  state,  decreases  with  increasing  Ht ,  which  enables  the 
selective  switching.  However,  the  gradient  of  the  threshold 


FIG.  3.  Threshold  amplitude  of  the  longitudinal  magnetic  field,  //, ,  for  the 
state  switching  as  a  function  of  the  transverse  field,  Ht . 


FIG.  4.  Dependence  of  the  write  current  range,  I w  ,  of  the  selective  switch¬ 
ing  upon  the  assist  current,  la ,  for  both  the  case  1  (first  layer,  write  conduc¬ 
tor;  second  layer,  assist  conductor)  and  case  2  (first  layer,  assist  conductor; 
second  layer,  write  conductor). 


curve,  H t/Ht ,  decreases  with  increasing  Ht .  The  gradients 
are  1.2  at  Ht=  30  Oe  and  0.2  at  Ht=  100  Oe. 

The  selective  write  operation  was  studied  by  calculating 
the  bit  state  switching  under  the  application  of  the  write  cur¬ 
rents.  We  also  simulated  the  influence  of  the  write  currents  to 
a  neighboring  element  on  a  two-dimensional  memory  array 
with  1X1  fjim  pitch,  which  achieves  a  density  of  108  bit/cm2, 
in  order  to  confirm  the  selective  switching  of  the  memory 
element.  The  dependence  of  the  selective  write  current  range, 
Iw ,  upon  the  assist  current,  Ia ,  is  shown  in  Fig.  4.  Open 
circles  connected  with  the  line  indicate  the  selective  switch¬ 
ing  range  when  the  write  and  assist  currents  were  applied 
into  the  first  and  second  conductor  layers  (case  1),  respec¬ 
tively.  In  this  case,  the  averaged  longitudinal  magnetic  fields 
due  to  Iw  over  the  different  memory  elements  are  5.2  Oe/mA 
in  the  selected  element  and  0.55  Oe/mA  in  the  neighboring 
element  aligned  in  the  long- axis  direction.  The  averaged 
transverse  magnetic  fields  due  to  Ia  are  2.9  Oe/mA  in  the 
selected  element  and  0.94  Oe/mA  in  the  neighboring  element 
aligned  in  the  short-axis  direction.  Closed  circles  also  indi¬ 
cate  the  selective  switching  range  when  the  write  and  assist 
currents  were  applied  into  the  second  and  first  conductors 
(case  2).  The  marks  A  and  B  in  the  figure  indicate  the  error 
modes  of  the  upper  threshold  for  the  selective  switching, 
which  were  limited  by  the  occurrence  of  the  switching  in  the 
neighboring  element  aligned  in  the  short-axis  (mark  A)  and 
long-axis  (mark  B)  directions,  respectively.  For  case  1,  the 
lower  threshold  of  Iw  decreases  and  the  current  range  in¬ 
creases  with  increasing  Ia.  Below  Ia  =  20  mA,  though  the 
lower  threshold  of  Iw  for  case  2  is  higher  than  that  for  case  1, 
the  current  range  for  case  2  is  fairly  larger  due  to  the  im¬ 
provement  of  the  upper  threshold.  These  results  show  that 
the  selective  switching  current  range  is  extended  by  the  large 
difference  of  the  transverse  component  of  the  magnetic  field 
between  the  selected  and  neighboring  elements.  For  case  2, 
however,  the  abrupt  degradation  of  the  upper  threshold  was 
observed  for  I a  greater  than  15  mA  caused  by  the  occurrence 
of  error  B,  where  the  large  amplitude  of  the  transverse  mag¬ 
netic  field  was  generated.  The  obtained  current  ranges  are 
Iw~  15-19  mA  at  Ia—  10  mA  and  Jw  =  9-16  mA  at  Ia  —  20 
mA  for  case  1,  and  Iw=  16-38  mA  at  Ia  =  1 0  mA  and 
/  =  11-26  mA  at  In ~ 20  mA  for  case  2. 
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FIG.  5.  Dependence  of  the  write  current  range,  lw ,  of  the  selective  switch¬ 
ing  upon  the  uniform  longitudinal  magnetic  field,  Hx ,  for  both  the  case  1 
(first  layer,  write  conductor;  second  layer,  assist  conductor)  and  case  2  (first 
layer,  assist  conductor;  second  layer,  write  conductor). 

We  also  investigated  the  influence  of  the  direction  and 
amplitude  of  the  anisotropy  to  the  selective  switching.  It  was 
found  that  the  Iw  amplitude  can  decrease  without  any  degra¬ 
dation  of  the  range  for  each  Ia ,  when  the  easy  axis  direction 
of  the  anisotropy  was  assumed  along  the  short-axis  direction 
of  the  element.  Furthermore  the  amplitude  of  anisotropy  in¬ 
creased. 

In  order  to  study  the  effect  of  the  exchange  interaction 
from  the  pinned  magnetic  layer  on  the  write  operation,  we 
simulated  the  bit  state  switching  by  the  write  currents  under 
the  conditions  of  an  uniform  in-plane  field,  Hx ,  along  the 
long- axis  direction  for  simplification  of  the  exchange  inter¬ 
action.  Simulation  results  are  as  shown  in  Fig.  5.  The  open 
and  closed  circles  connected  with  the  line  indicate  the  selec¬ 
tive  switching  range  of  Iw  for  case  1  and  case  2,  respectively, 
which  are  the  same  as  in  Fig.  4.  The  assist  current,  la ,  was 
20  mA.  When  the  magnetization  directions  of  the  free  and 
pinned  layers  are  parallel  to  each  other,  this  defines  the  posi¬ 
tive  Hx  field  direction,  which  suppresses  the  bit  state  switch¬ 
ing.  And  for  the  negative  Hx  field  direction,  the  magnetiza¬ 
tion  directions  are  antiparallel  to  each  other,  which  supports 
the  switching.  For  case  1,  the  Iw  amplitude  varied  as  2  mA 


per  10  Oe,  and  the  current  ranges  for  each  Hx  are  the  same. 
The  influence  of  Hx  to  the  bit  state  switching  in  the  neigh¬ 
boring  element  aligned  in  the  long-axis  direction  is  signifi¬ 
cantly  larger  than  that  in  the  neighboring  element  aligned  in 
the  short-axis  direction.  Therefore,  for  case  2,  the  effect  of 
Hx  on  the  upper  threshold  of  /w,  which  is  limited  by  the 
occurrence  of  error  B,  is  much  stronger,  as  clearly  seen  in  the 
figure.  The  most  serious  case  for  the  selective  switching  is 
the  parallel  state  in  the  selected  element  and  the  antiparallel 
state  in  the  neighboring  element.  The  selective  current  ranges 
decrease  to  Iw=  11-14  mA  for  case  1  and  Iw~  15-17  mA 
for  case  2  with  the  exchange  interaction  field  of  10  Oe, 
which  corresponds  to  the  common  Iw  ranges  at  Hx=  ±  10  Oe 
as  in  the  figure. 

III.  CONCLUSIONS 

The  write  operation  in  a  submicron  memory  cell  has 
been  investigated  by  the  micromagnetic  computation.  The 
magnetization  of  the  binary  bit  states  in  the  free  magnetic 
layer  was  found  to  take  a  single  domain  structure  having  the 
opposite  long-axis  component.  The  selective  switching  was 
performed  by  write  currents  applied  into  the  two  level  con¬ 
ductors  overlying  the  element.  It  was  found  that  the  selective 
write  current  amplitude  decreased  with  increasing  assist  cur¬ 
rent  amplitude  and  the  range  was  extended  by  the  large  dif¬ 
ference  of  the  transverse  field  amplitude  between  the  selected 
and  neighboring  elements.  However,  the  large  amplitude  of 
the  transverse  magnetic  field  from  the  assist  current  caused 
the  abrupt  degradation  of  the  upper  threshold  for  the  selec¬ 
tive  switching.  The  effect  of  the  exchange  interaction  from 
the  pinned  magnetic  layer  on  the  write  operation  was  studied 
and  clarified. 
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A  simple  analytical  model  explains  giant  magnetoresistive  properties  in  a  weakly  coupled  sandwich 
with  two  magnetic  components.  The  model  describes  in  detail  a  new  storage  mechanism  in  which 
the  minor  loop’s  slope  depends  on  its  past  magnetic  histories.  A  new  type  of  solid-state  giant 
magnetoresistance  memory  based  upon  this  mechanism  has  been  realized  by  experiments. 
Furthermore,  some  important  factors  included  in  nondestructive  readout  capability  are  also  analyzed 
by  this  model.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)  13808-4] 


I.  INTRODUCTION 

Results  obtained  on  giant  magnetoresistance  (GMR)  ma¬ 
terials  show  increases  in  magnetoresisce  of  a  factor  of  10 
over  conventional  anisotropic  magnetoresistance  materials. 
Many  devices  based  on  giant  magnetoresistance  are  under 
consideration  and  development  for  reproductive  heads  for 
use  in  magnetic  tape  and  disk  devices.  In  addition,  a  storage 
mechanism  in  GMR  materials  itself  has  been  found  recently 
and  the  feasibility  of  a  new  type  of  solid-state  memory  using 
weakly  coupled  GMR  effect  has  been  examined  by  exper¬ 
iments.1 

The  present  study  presents  a  simple  analytical  model  for 
the  field  dependence  of  the  GMR  effect  in  both  full-field  and 
small-field  cases.  The  model  permits  a  determination  of  the 
ferromagnetic  coupling  energy  through  conducting  spacers. 
The  model  is  essentially  an  extension  of  Stoner- Wohlfarth 
theory  with  an  included  small-field  hysteresis  property  for 
the  hard  magnetic  component  in  the  form  articulated  by  Ray¬ 
leigh.  The  model  also  simply  presents  a  description  of  the 
above-mentioned  new  storage  mechanism.  The  so-called 
“distortion”  phenomenon,  which  can  be  observed  in  the  ex¬ 
perimental  transfer  curves,  can  be  explained  confidently  with 
the  present  model. 

II.  MODEL  DESCRIPTION 


stant  at  an  angle  of  45°  for  the  consideration  of  2D  memory 
cell  selection  application.1,2  The  parameters  are  taken  as  ex¬ 
perimentally  measured:3  the  anisotropic  fields  of  the  soft  and 
the  hard  magnetic  component  are  assumed  as  8  and  28  Oe, 
respectively;  the  exchange  coupling  between  the  two  compo¬ 
nents  is  assumed  as  ferromagnetic  (parallel)  coupling  and  its 
value  is  2  Oe  (in  fact  the  exchange  field  is  a  function  of 
spacer  thickness  and  the  exchange  field  of  2  Oe  corresponds 
to  the  spacer  thickness =4  nm  according  to  the  experiments). 
Please  note  that  the  coupling’s  value  is  so  weak  that  it  is 
even  less  than  the  soft  component’s  coercivity  (theoretical 
value  is  4  Oe).  For  this  reason  this  type  of  GMR  is  named  as 
a  weakly  coupled  one.  The  angles  of  the  magnetizations  in 
two  layers  are  chosen  such  that  they  minimize  the  energy 
function4  which  covers  the  anisotropy  and  external  field 
terms  in  the  two  components,  respectively,  and  the  ferromag¬ 
netic  exchange  term  between  the  two  components.  The  total 
energy  per  unit  volume  may  then  be  expressed  as 

E  =  (\)(EX+E2)+An  cos (0j-  02),  (1) 

where  E^Kui  sin2  d-Mfi  cos (<f>—  0Z),  i=  1  for  the  soft 
component  and  i  =  2  for  the  hard.  A 12  is  the  exchange  con¬ 
stant  and  Mi  is  the  saturation  magnetization  (Af^lOOO 
emu/cm3  and  M2  =  500  emu/cm3). 

The  resistance  is  calculated  by 


We  established  an  engineering  model  to  demonstrate  the 
giant  magnetoresistive  properties  in  a  weakly  coupled  sand¬ 
wich.  The  model  is  based  on  the  coherent  rotation  and 
uniaxial  anisotropy  assumptions.  Because  of  the  flux  closure 
configuration  of  the  sandwich,  the  demagnetizing  field  per¬ 
pendicular  to  the  length  is  strongly  reduced  compared  to 
those  obtained  from  a  single  layer  structure.  As  a  result,  mul¬ 
tiple  magnetic  domain  formation  could  be  reduced  and  the 
sandwich  structure  will  behave  more  in  the  manner  of  a 
single  domain  ferromagnetic  layer.  Hence  the  consideration 
that  the  switching  characteristics  of  the  films  behave  like  a 
single  domain  is  reasonable.  We  consider  two  ferromagnetic 
components  of  identical  thickness  having  the  uniaxial  anisot¬ 
ropy  (Ku{  and  Ku2)  with  easy  axes  parallel  to  each  other,  as 
shown  in  Fig.  1.  The  angles  of  the  magnetizations  with  re¬ 
spect  to  the  easy  axis  are  6X  and  02 ,  and  the  angle  of  applied 
field  is  (j).  In  this  calculation  the  applied  field  was  held  con¬ 


GMR(H)  =  G*  sin2 


2 


(2) 


where  G  is  the  coefficient  of  the  GMR  effect. 

We  calculated  the  resistance  versus  applied  field  R(H) 
transfer  curves  under  excitating  field  with  various  strength. 
The  switching  of  the  double  ferromagnetic  layers  with  dif¬ 
ferent  coercivities  gives  rise  to  the  “double-hump”  shaped 
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FIG.  1.  The  analytical  model  is  based  on  the  coherent  rotation  and  uniaxial 
anisotropy  assumptions.  The  angles  of  the  magnetizations  with  respect  to  the 
easy  axis  are  and  d2 ,  and  the  angle  of  applied  field  is  <p. 
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FIG.  2.  The  calculated  resistance  vs  applied  field  R(H )  transfer  curves 
under  excitating  field  with  various  strength.  In  main  loop  of  (a),  the  applied 
field  was  varied  between  ±15  Oe.  In  minor  loops  of  (b)  and  (c),  only  the 
soft  component  is  switched  by  applying  a  field  between  ±7.5  Oe.  The  initial 
saturated  states  in  (b)  and  (c)  are  different  as  indicated  in  the  figure. 
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(a)Main  loop  in  which  the  applied  field  is  between 

±15  Oe. 
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(b)Minor  loop  in  which  the  applied  field  is  between 
±7.  5  Oe  but  the  sample  is  initially  saturated  by 
the  field  of  -  15  Oe. 


[^-15  Oe-^1 


(c)Minor  loop  in  which  the  applied  field  is  between 
±7.  5  Oe  but  the  sample  is  initially  saturated  by 
the  field  of  +15  Oe. 

FIG.  3.  Experimental  results  of  Co  (5  nm)/NiFe  (0.5  nm)/Cu  (4  nm)/Co  (0.5 
nm)/NiFe  (5  nm).  The  measurement  conditions  are  indicated  in  the  figure. 


main  loop  depicted  in  Fig.  2(a),  where  the  applied  field  was 
varied  between  ±15  Oe.  The  two  switching  thresholds  at 
point  A  and  point  B  correspond  to  the  magnetization  rever¬ 
sals  of  the  soft  and  the  hard  component,  respectively.  The 
magnetization  in  the  soft  component  rotates  in  weak  field 
below  point  A  while  that  of  the  hard  is  not  saturated  up  to 
point  B.  The  sharp  increase  of  resistance  starts  when  the 
magnetization  of  the  soft  component  begins  to  rotate  (below 
A).  The  maximum  of  resistance  is  observed  at  the  A  where 
the  direction  of  the  soft  component’s  magnetization  has  just 
reversed.  With  further  increasing  of  the  field  (exceeding  A), 
the  direction  of  the  hard  component’s  magnetization  also 
turns  to  the  field  direction  and  subsequently  the  resistance 
gradually  decreases. 

Figures  2(b)  and  2(c)  illustrate  the  R(H )  response’s  mi¬ 
nor  loops  operating  in  the  mode  in  which  only  the  soft  com¬ 
ponent  is  switched  by  applying  a  field  between  ±7.5  Oe.  In 
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(a)  with  Rayleigh  loop.  (b)  without  Rayleigh  loop. 

FIG.  4.  Comparison  of  R(H)  curves  with  and  without  Rayleigh  loop.  The 
calculation  conditions  are  indicated  in  the  figure. 


Fig.  2(b)  the  element  is  initially  saturated  to  the  “negative” 
direction  by  a  field  of  -15  Oe  while  in  Fig.  2(c)  it  is  initially 
saturated  to  the  “plus”  direction  by  +15  Oe.  In  these  minor 
loops  of  small-field  GMR  response  one  can  expect  a  shift 
since  the  initially  saturated  hard  component  blocks  the  spins 
of  the  soft  component  through  the  ferromagnetic  exchange 
interaction.  Figures  2(b)  and  2(c)  also  illustrate  a  possible 
storage  mechanism.  The  slope  of  the  small-field  response 
R(H)  (minor  loop)  depends  on  its  past  magnetization  his¬ 
tory.  After  being  magnetically  saturated  to  the  negative  di¬ 
rection  the  response’s  slope  will  be  positive,  whereas  after 
being  saturated  to  the  plus  direction  the  slope  will  be  nega¬ 
tive.  Based  on  this  property,  data  readout  will  be  performed 
by  monitoring  the  polarity  of  the  voltage  signal  against  the 
unipolar  excitation  field. 

III.  DISCUSSIONS 

The  above  calculated  R(H )  curves  gives  a  good  agree¬ 
ment  with  the  experimental  results  shown  in  Fig.  3.  The 
sample  is  Co  (5  nm)/NiFe  (0.5  nm)/Cu  (4  nm)/Co  (0.5  nm)/ 
NiFe  (5  nm),  in  which  the  thinner  NiFe  and  Co  layers  were 
formed  to  enhance  interfacial  scattering. 

The  measured  R(H)  curves  shown  in  Fig.  3  illustrate  the 
phenomenan  known  as  distortion.  It  can  be  explained  confi¬ 
dently  with  the  present  model.  Under  small-field  excitation, 
the  soft  component  is  switched  but  the  magnetization  in  the 
hard  component  should  rotate  along  a  loop  in  the  following 


form  articulated  by  Rayleigh:5 

M |  =ciiH2  +  b[H-\-  c  i , 

(3) 

M2  =  CL'iJrP'  A-  +  ^2  j 

(4) 

where  at ,  bi9  and  ct  are  Rayleigh  constants.  As  shown  in 
Fig.  4(a),  the  distortion  happens  to  the  simulated  R(H)  as 
expected.  On  the  other  hand,  if  neglecting  the  hysteresis, 


FIG.  5.  The  hard  component’s  hysteresis  curve  with  small-field  Rayleigh 
loops.  The  remanent  state  will  be  degrading  gradually  along  a  series  of  half 
Rayleigh  loops,  whereas  the  rehabilitation  function  will  be  achieved  along 
the  whole  Rayleigh  loop. 

simulations  without  the  Rayleigh  loop  could  not  give  rise  to 
the  distortion  phenomenon,  as  shown  in  Fig.  4(b).  In  conclu¬ 
sion,  the  hard  component’s  small-field  response  should  be 
characterized  by  Rayleigh  law. 

The  existence  of  Rayleigh  loop  in  the  hard  component 
will  be  harmful  to  our  memory  design.  This  memory  oper¬ 
ates  on  the  general  principle  of  storing  a  binary  digit  in  the 
hard  component  and  sensing  its  remanent  state  by  switching 
the  soft  component  in  such  a  way  that  the  magnetic  state  of 
the  hard  component  is  unaltered.  Initially,  it  was  believed 
that  this  design  should  have  a  nondestructive  readout 
(NDRO)  characteristic.  However,  experiments  indicated  that 
NDRO  was  not  always  achieved;  i.e.,  NDRO  was  dependent 
on  the  polarity  of  the  excitation  field.  Consider  the  mode  of 
“0”  (corresponding  to  the  +  remanent  state).  Experimental 
tests  involving  3X108  plus  excitation  pulses  indicated  that 
the  readout  wave  form  was  still  stable.  However,  stability 
against  minus  disturb  pulses  could  not  be  achieved.  We  can 
use  our  model  to  explain  the  reason.  Because  irreversible 
magnetization  processes  (Rayleigh  loop)  exist,  a  disturbed 
states  (O'  or  1')  will  possibly  be  caused,  as  shown  in  Fig.  5. 
For  the  mode  of  “0,”  the  worst  case  is  being  excited  by 
continuous  minus  pulses,  whereas  for  “1”  the  worst  case  is 
being  excited  by  continuous  plus  pulses.  The  remanent  state 
will  be  degrading  gradually  along  a  series  of  half  Rayleigh 
loops  and  finally  destroyed  after  enormous  numbers  of  read¬ 
out  switching.  We  think  that  two  methods  will  be  effective  to 
eliminate  the  unstability.  One  is  to  select  the  hard  materials 
with  rectangular  hysteresis  loop.  The  other  is  to  regrade  the 
excitation  method,  for  example,  to  employ  bipolar  exciting 
pulses  with  rehabilitation  function.  As  shown  in  Fig.  5,  sta¬ 
bility  against  bipolar  disturb  pulses  could  be  achieved  be¬ 
cause  the  hard  component  should  rotate  along  the  whole 
Rayleigh  loop. 
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